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ABSTRACT
ENHANCING THE ETHANOL PATHWAY IN ESCHERICHIA COLI RM10 FOR
IMPROVED ETHANOL PRODUCTION FROM XYLOSE
Ryan Manow, Ph.D.
Department of Biological Sciences
Northern Illinois University, 2016
Shengde Zhou, Director
Due to its capability to ferment biomass-derived pentose and hexose, Escherichia coli is
considered a potential biocatalyst for production of bioethanol. Gene deletions and promoter
replacements were previously employed to engineer a non-transgenic homoethanol pathway in E.
coli [glucose (or 1.2 xylose) => (glycolysis) => 2 pyruvate + 2 NADH => (pyruvate
dehydrogenase, aceEF-lpd operon) => 2 acetyl-CoA + 4 NADH => (alcohol dehydrogenase,
adhE) => 2 acetaldehyde + 2 NADH => (alcohol dehydrogenase) => 2 ethanol]. The resulting
strain, RM10, is able to produce ethanol from xylose and glucose, with a yield greater than 90%
theoretical (one mole of glucose to 2 mole of ethanol). In this study, the transcription of five
genes involved in the homoethanol pathway [aceEF-lpd, adhE, and aldB (encoding for aldehyde
dehydrogenase)] were overexpressed in RM10 for improved ethanol fermentation.
Acetaldehyde is an intermediate of the homoethanol pathway. In theory, blocking the
oxidation of acetaldehyde (catalyzed by aldehyde dehydrogenase) will prevent diverting the
carbon skeleton to acetic acid, which should in turn improve ethanol production. Contrary to this
hypothesis, however, blocking acetaldehyde oxidation (deletion of aldB) resulted in decreased
ethanol production compared to that of the parent strain. Furthermore, overexpression of aldB
increased ethanol production over that achieved by the parent strain. The improved ethanol
production likely attributes to improved acetaldehyde tolerance because the aldB overexpression
showed an improved acetaldehyde tolerance than the parent strain.

The anaerobically expressed pyruvate dehydrogenase complex (PDH) is encoded by a
three-gene operon (aceEF-lpd) and is essential to ethanol production by RM10. Previous studies
suggested that PDH expression might be one of the limiting steps for ethanol fermentation. This
hypothesis was tested by overexpression of the PDH via: 1) cloning aceE, aceF, lpd and the
complete aceEF-lpd operon into a high copy plasmid; 2) integrating of a second copy of aceEFlpd into chromosome. The results showed that: 1) overexpression of aceEF-lpd operon
significantly improved cell growth and ethanol production; 2) chromosomal integration of a
second copy of the aceEF-lpd operon did not show an improved transcription rate nor improved
ethanol production; 3) overexpression of individual aceE, aceF or lpd genes decreased cell
growth and ethanol fermentation.
Alcohol dehydrogenase (adhE) is the final enzyme of the homoethanol pathway in
RM10. Prior studies suggested that deletion of RNase G resulted in an increase of adhE mRNA,
which in turn improved cell growth and ethanol fermentation. We assessed the impact
overexpression of adhE on ethanol production by increasing the adhE copy number and by
promoter replacement. The results showed that overexpression of adhE had a beneficial impact
on cellular growth and ethanol production. Additionally, replacing the native adhE promoter
with a pflBp6 promoter further enhanced ethanol fermentation. Nevertheless, chromosomal
integration of a second copy of adhE with either pflBp6 promoter or native promoter did not
achieve the improved adhE expression nor improved ethanol fermentation.
In summary, the expression of aldB, aceEF-lpd, and adhE appears to be a rate-limiting
factor during RM10 xylose fermentation. Successful overexpression of those genes resulted in
improvements in cellular growth and/or ethanol production. Increasing chromosomal expression
of genes involved in the homoethanol pathway should improve the fermentative capabilities of

RM10 and move non-transgenic E. coli forward as an option for industrial bioethanol
production.
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INTRODUCTION

Bioethanol Production in the United States

In the United States, the Clean Air Act mandates blending bioethanol with gasoline to
reduce carbon monoxide emissions and allow for a cleaner fuel burn. Atmospheric carbon
monoxide is converted into methane, a greenhouse gas more potent than carbon dioxide, and is a
major component of smog (Westberg et al. 1971; White et al. 1989). According to the United
States Department of Agriculture (USDA), production of ethanol reached 14.3 billion gallons in
2014. Currently, glucose, a six-carbon (C6) sugar from cornstarch is converted into ethanol
through homoethanol fermentation by Saccharomyces cerevisiae. One limitation of this process
is that this microorganism is unable to ferment the five-carbon (C5) sugars, such as xylose,
present in the corn plant. Another limitation is the amount of available cropland, as not all land is
suitable for corn growth. In 2011, 40.5% of U.S. corn grain was used for ethanol production
(Mumm 2014). To keep up with demand without competing for space and food resources, much
research has been devoted to the development of microorganisms that are able to use C5 and C6
sugars derived from cellulosic biomass for ethanol production.
Cellulosic biomass is projected to be a cost-effective resource for bioethanol production
(Farrell et al. 2006; Solomon et al. 2007) and is found in environmentally abundant materials
such as woody biomass (Zhu and Pan 2010), switchgrass (Schmer et al. 2008), and municipal
solid wastes (Wyman 2007). Cellulosic ethanol, however, faces several challenges as well
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(Buckley and Wall 2006). There is a lack of natural organisms that are capable of using both C5
and C6 sugar to produce ethanol as a sole end product. Genetic engineering of C5 (xylose and
arabinose) fermentation genes into C6 homoethanol hosts (Hahn-Hagerdal et al. 2007; Ho et al.
1998; Matsushika et al. 2009; Zhang et al. 1995) and homoethanol pathway genes cloned into C5
hosts (Kuyper et al. 2005; Trinh et al. 2008; Yomano et al. 2008) has been achieved to overcome
this shortcoming. Nevertheless, public concerns over chimeric organisms and federal regulations
on their use in large-scale fermentation leads to an alternative approach towards cellulosic
ethanol production. Non-transgenic models of homoethanol production using a host capable of
utilizing both C5 and C6 sugars may provide an optimum scenario for biofuel production (Garza
et al. 2012; Kim et al. 2008; Zhou et al. 2008).

Non-transgenic Escherichia coli Ethanol Production

Previously, we developed a non-transgenic Escherichia coli strain that is fully capable of
fermentation of C5 and C6 sugar to ethanol via an engineered homoethanol pathway. The
pathway (glucose or 1.2 xylose [glycolysis] => 2 pyruvate + 2 NADH => [pyruvate
dehydrogenase] => 2 acetyl-CoA + 4 NADH => [alcohol dehydrogenase] => 2 ethanol) was
established through deletion of the alternative mixed acid fermentation genes and anaerobic
expression of the pyruvate dehydrogenase complex (Zhou et al. 2008). The resulting strain,
SZ420, produced ethanol as the sole fermentation product, with a 25% improved cellular growth,
and a six-fold increased ethanol titer, compared to that of the wild-type parent, E. coli B.
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A three-month metabolic evolution process further improved SZ420 by transferring the
culture to fresh fermentation vessels every 48 h (Chen et al. 2010). The resulting strain, KC01,
successfully fermented 50 g/L of xylose into 23 g/L of ethanol in 120 h, with a 23% improved
cell growth rate and a 200% increased ethanol tolerance, compared to that achieved by SZ420.
As seen in Figure 1, KC01 then underwent over 350 generations of adaptive evolution in growth
media with a stepwise-increased concentrations of ethanol (Wang et al. 2011). The evolved
strain, SZ470, showed an improved ethanol tolerance and was capable of fermenting 50 g/L
xylose in 96 h.
The SZ470 strain was further engineered by partial deletion of the rng gene. RNase G
(encoded by rng) is a member of the RNase E/G family that acts as ribonucleases (Deana and
Belasco 2004; Garrey et al. 2009; Jiang et al. 2000; Jourdan et al. 2010). Both RNases were
found to play an integral role in 16s rRNA maturation (Umitsuki et al. 2001) and mRNA
turnover (Kaga et al. 2002; Tock et al. 2000; Umitsuki et al. 2001). However, RNase G plays a
minor role and is dispensable in E. coli (Li et al. 1999; Wachi et al. 2001). Furthermore, the
defects in RNase G upregulated adhE expression (Umitsuki et al. 2001). Further research has
shown that a defect in the C-terminal end of RNase G, a High Similarity Region II (HSR2),
increased AdhE biosynthesis while maintaining 16s rRNA maturation (Wachi et al. 2001). Based
on these prior research, the HSR2 regions of the rng was deleted from SZ470. The resulting
strain, RM10, was able to ferment 75 g/L xylose into ethanol in 96 h, with an 84% improved
ethanol titer over that of its parent SZ470 (Manow et al. 2012). RM10 also showed 50 g/L
ethanol tolerance. The improved ethanol production was attributed to the increased expression of
adhE and other genes involved in the conversion of xylose into ethanol. The upregulated genes
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detected by qPCR is shown in Figure 2. With the above improvements, RM10, however, is still
unable to complete above 100 g/L xylose fermentation, and is unable to grow in a medium
containing greater than 50 g/L ethanol.
Currently, the reported transgenic ethanologenic E. coli strain, LY101, can convert 140
g/L xylose into 60 g/L ethanol in 96 h (Yomano et al. 1998). The pathway from glucose and/or
xylose to pyruvate are identical in both LY101 and RM10. In the transgenic strain LY101, the
pyruvate is converted to ethanol by pyruvate decarboxylase (pdc) and alcohol dehydrogenase
(adhB), which are highly expressed exogenous genes cloned from Zymomonas mobilis. In the
non-transgenic strain, RM10, however, pyruvate is converted into ethanol by the pyruvate
dehydrogenase complex (aceEF-lpd) and alcohol dehydrogenase (adhE), which are endogenous
E. coli genes. The pathway difference from pyruvate to ethanol might suggest that enhancement
of the endogenous homoethanol pathway (aceEF-lpd and adhE) is needed to improve ethanol
production by RM10, for at least matching the fermentative performance of the transgenic strain
LY101.

Enhancing the Endogenous Homoethanol Pathway in E. coli RM10

This body of work focuses on improving the endogenous homoethanol pathway (as
illustrated in Figure 3) for greater ethanol fermentation from xylose. The homoethanol pathway
begins with the anaerobic conversion of pyruvate into acetyl-CoA by the pyruvate
dehydrogenase (PDH) complex, followed by conversion of acetyl-CoA into acetaldehyde and
ethanol by the alcohol dehydrogenase (AdhE), a bifunctional enzyme.
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Figure 2:

Complete xylose fermentation pathway of RM10 with sites of increased gene expression.
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Ethanol

RM10 ethanol pathway.

First, we assessed the impact of aldehyde dehydrogenase (aldB) expression on ethanol
production in RM10. Aldehyde dehydrogenase is reported to oxidize acetaldehyde into acetic
acid in E. coli (Ho and Weiner 2005), which might lead to carbon loss from xylose fermentation
in our engineered strain. In theory, deletion of aldB would prevent this carbon loss. Nevertheless,
another report showed that ethanol stress increased aldB expression (Xu and Johnson 1995),
which might indicate that AldB plays a role in ethanol tolerance. To this end, we assessed the
role of AldB for ethanol fermentation in RM10 by: 1) deletion of aldB; 2) overexpression of
aldB using an anaerobic functional promoter, pflBp6, that is located in the high copy number
plasmid (pSD105) shown in Figure 4 (Zhou et al. 2008).
Secondly, we evaluated further enhancement of the PDH complex genes for improved
ethanol fermentation. Previous experiments in our lab have shown that an increase in PDH
expression corresponds with improvements in ethanol fermentation (Zhou et al. 2008; Chen et al.
2010; Manow et al. 2012). PDH is a three-gene operon consisting of aceE, aceF, and lpd.
Overexpression of this operon was accomplished by using an anaerobic functional pflBp6
promoter in three approaches: 1) cloning the entire operon on a plasmid; 2) cloning individual
genes of the operon; 3) integrating a second copy of the entire operon into the chromosome of
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Figure 4:

The pUC19-based cloning vector pSD105.

Arrow length corresponds to sequence length. km: kanamycin cassette with flanking frt sites.
pflBp6: anaerobic promoter. ori: origin of replication. bla: beta-lactamase.
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RM10. The newly developed strains were compared with RM10 for ethanol fermentation from
xylose.
Lastly, we attempted to improve ethanol fermentation by increasing the expression of
alcohol dehydrogenase (adhE). In a prior study, partial deletion of RNase G (rng) increased
adhE expression and improved cell growth and ethanol production (Manow et al. 2012). For this
study, we enhanced adhE expression by cloning the adhE gene with two different promoters (the
native adhE promoter and the pflBp6 promoter) into a high copy plasmid and integrated a second
copy into the chromosome. The engineered strains were compared with RM10 for ethanol
fermentation from xylose.

CHAPTER 1: OVEREXPRESSION OF ALDEHYDE DEHYDROGENASE IMPROVED
ACETALDEHYDE TOLERANCE AND ETHANOL PRODUCTION FROM XYLOSE

Abstract

Due to its ability to use both C6 and C5 sugars, E. coli is considered one of the candidates
for bioethanol fermentation using cellulosic biomass. To this end, a homoethanol strain, E. coli
SZ420, was previously engineered via chromosomal gene deletion to block the competing acidproducing pathways and through anaerobic expression of the pyruvate dehydrogenase complex
for redox balance. However, the ethanologenic E. coli SZ420 has a limited ethanol tolerance.
Through adaptive evolution and deletion of the RNase G HSRII region, the resulting strain E.
coli RM10 gained improved ethanol tolerance. Nevertheless, compared to ethanologenic yeast,
improvement of the ethanol tolerance is needed for E. coli RM10 to become a compatible
biocatalyst for bioethanol fermentation. In this work, the role of aldB gene (encoding for
aldehyde dehydrogenase) in ethanol tolerance and fermentative ethanol production was evaluated
via: 1) aldB deletion; 2) cloning and overexpression of aldB in RM10. Deletion of the aldB gene
decreased ethanol tolerance, fermentative cell growth, and ethanol production. Overexpression of
the aldB gene improved fermentation by eliminating the accumulation of the toxic acetaldehyde
by AldB-catalyzed oxidation.
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Introduction

Although E. coli has the capability to ferment cellulosic biomass-derived sugar
monomers, a critical challenge is that it has a limited ethanol and/or acetaldehyde tolerance. This
leads to a significantly lower ethanol titer than that what is achieved by the current industrial
yeast strain, Saccharomyces cerevisiae (Ansanay-Galeote et al. 2001; Caylak and Sukan 1996;
Roukas 1996). E. coli has not evolved a high ethanol tolerance due to ethanol being a minor-end
product during mixed acid fermentation. Improving ethanol tolerance of the ethanologenic E.
coli biocatalysts is an on-going challenge since the ethanol tolerance trait is attributed to multiple
genes. Ethanol toxicity in E. coli occurs through effects on cell membrane integrity (Ingram and
Buttke 1984), membrane-bound enzymes (Miller et al. 1992), and proton reflux balance
(Cartwright et al. 1986). Previous reports showed that changes in fatty-acid chain length
(Burdette et al. 2002), membrane proteins (Ingram 1989), and phospholipid composition (Ingram
1982) could enhance ethanol tolerance. Single gene changes might contribute little, if any, to the
improvement of ethanol tolerance.
Nonetheless, AldB (aldB) is a member of the aldehyde dehydrogenase family (ALDH)
and ALDH are involved in aldehyde detoxification through oxidation into carboxylic acids.
ALDH are also found across all domains of life (Sophos and Vasilou 2003; Vasilou et al. 2000).
In E. coli, aldB is repressed by the DNA binding protein Fis and positively regulated by RpoS, a
stress-response RNA polymerase sigma S factor (Xu and Johnson 1995). AldB shares sequence
homology to acetaldehyde dehydrogenase II (acoD) of Alcaligenes eutrophus (Priefert et al.
1992). It has been demonstrated that AldB has an affinity to acetaldehyde, leading to
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acetaldehyde oxidation into acetic acid (Ho and Weiner 2005). Furthermore, aldB expression is
upregulated during ethanol stress, suggesting that AldB might play a role in ethanol tolerance in
E. coli (Ho and Weiner 2005; Soufi et al. 2015; Xu and Johnson 1995).
In the engineered homoethanol pathway of RM10, acetaldehyde is an intermediate that is
converted into ethanol by alcohol dehydrogenase (adhE). Both acetaldehyde (Aranda and Olmo
2003; Matsufuji et al. 2013; Wecker and Zall 1987) and ethanol (Ding et al. 2009; Huffer et al.
2011; Ingram 1989; Dombek and Ingram 1984) accumulation are toxic to fermentative
microorganisms. Apparently, acetaldehyde is more toxic than ethanol. Saccharomyces
cerevisiae, a yeast strain that can produce more than 100 g/L of ethanol, was found that its
acetaldehyde tolerance limit was 1.76 g/L (Matsufuji et al. 2008). For prokaryotes, Lactococcus
lactis was reported to tolerate 1.32 g/L acetaldehyde (Bongers et al. 2005). Although there is no
report regarding the acetaldehyde tolerance of E. coli, overexpression of the aldB gene in
ethanologenic E. coli biocatalysts might improve ethanol fermentation because AldB could
prevent acetaldehyde accumulation via oxidation to acetic acid.
Acetaldehyde oxidation to acetic acid may lead to carbon loss during ethanol
fermentation, resulting in a decreased ethanol yield. In this regard, deletion of aldB might
improve ethanol yield. To this end, we assessed the potential (beneficial and/or harmful) role of
AldB expression for ethanol fermentation in RM10 by: 1) deletion of aldB; 2) overexpression of
aldB using an anaerobic functional pflBp6 promoter, in a high copy number plasmid (Zhou et al.
2008).
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Materials and Methods

Strains, media, and growth conditions

Bacterial strains, plasmids, and primers used in this study are listed in Table 1. Bacterial
cultures were grown at 37°C in Luria-Bertani (LB) broth (g/L: tryptone 10, yeast extract 5, and
NaCl 5) containing 25 g/L of xylose, or on LB plates (agar 15 g/L) containing 25 g/L of xylose.
Antibiotics were added as needed at the following concentrations (g/ml): kanamycin, 50;
ampicillin, 50.

Genetic methods

Standard methods were used for transformation, electroporation, and RT-qPCR (Miller
1992; Sambrook and Russell 2001). The aldB deletion was constructed using previously
described procedures (Datsenko and Wanner 2000; Manow et al. 2012; Posfai et al. 1997; Zhou
et al. 2008). First, aldB was replaced by the FRT-kan-FRT cassette through double homologous
recombination, resulting in kanamycin-resistant colonies. The chromosomal deletion was
verified by PCR analysis using upstream and downstream (verification) primers. The antibiotic
marker (kan) was then removed from the chromosome with FLP recombinase by using the
temperature-conditional helper plasmid pFT-A (Posfai et al. 1997) to create a non-transgenic
strain lacking aldB. The mutant strain was designated RM10-01 (ΔaldB).
Overexpression of aldB was accomplished by cloning the aldB gene into a high copy

Table 1. Escherichia coli strains, plasmids, and primers used in the aldB study.
Strains
B
RM10
RM10-01

Relevant Characteristics
Wild type
∆frdBC, ∆ldhA, ∆ackA. ∆focA-pflB, pflBp6-aceEF-lpd. ∆mgsA, ∆rng HSRII
∆frdBC, ∆ldhA, ∆ackA. ∆focA-pflB, pflBp6-aceEF-lpd. ∆mgsA, ∆rng HSRII, ∆aldB

Sources
ATC11303
Manow (2012)
This study

Datsenko and Wanner (2000)
Datsenko and Wanner (2000)
Popsai (1997)
Zhou (2008)

pALDB105

bla, frt-kan-frt
bla, red recombinase, temperature-dependent replication
bla, flp, temperature-dependent replication
pUC19-based plasmid that contains the pflBp6 promoter at BamHI and HindIII sites and
FRT-kan-FRT at EcoRI and BamHI sites
pSD105-based plasmid that contains PCR amplified aldB at HindIII and PciI sites

Primers
ΔaldB-P1
ΔaldB-P2
Verify-aldB-P1
Verify-aldB-P2
aldB-P1
aldB-P2

CTCAAGTTAAAAGCCCGCTATGACAACTTTATTGGCGGCG
GCACTTGGTTTGCTGGTAATGCTCCAGCATCATCTTGTGG
ATTATCCCGTGGAACTTCCC
CGCATCAGGCAATGAATACC
CACAGGCACAAGCTTAGGAGAGTCTTATGACCAATAATCCCCCTTCAG
CTTTTGCTCACATGTAACGTGCGCTTTGTTTATGC

This study
This study
This study
This study
This study
This study

RT-qPCR
Primers
aldB primer 1
aldB primer 2

CCAGGGCGAAGTTTGCACCTGTCC
GCCCATTTGCGTCACGCTGTCGAG

This study
This study

Plasmids
pKD4
pKD46
pFT-A
pSD105

This study
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number plasmid, pSD105. This is a previously constructed pUC19-based plasmid that contains
FRT-kan-FRT (cloned at the EcoRI and BamHI sites) and the pflBp6 promoter (cloned at the
BamHI and HindIII sites) (Zhou et al. 2008). The aldB coding region plus terminator was
amplified using hybridized primers containing HindIII and PciI restriction sites. Insertion of the
amplified region downstream of the pflBp6 promoter was completed via the In-Fusion® HD
Cloning Kit (Clontech) and the resulting plasmid was named pALDB105. In this construct, the
pflBp6 and aldB gene formed a transcriptional fusion as shown in the Figure 5.

σ70

terminator

pflBp6

Fnr-box
Figure 5:

aldB

Transcriptional fusion of pflBp6 and aldB.

The region contains an Fnr binding box (Fnr-box), pflBp6 promoter, aldB, and terminator.

Ethanol and acetaldehyde tolerance

Screw cap tubes (9 ml) were filled with 8.5 ml of LB broth containing 25 g/L xylose and
a defined concentration (wt/volume) of ethanol (10-40 g/L) or acetaldehyde (0.44, 0.88 and 1.32
g/L). 50 g/ml kanamycin was added to maintain the plasmid when appropriate. Overnight
cultures were inoculated into the tubes at an inoculum of 33 mg/L cell dry weight and incubated
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at 30°C without shaking. Cell growth was analyzed by measuring the OD550 at a 12 h intervals
for 48 h. Ethanol and acetaldehyde tolerance were assessed by comparing the relative cell growth
with the control cultures. The significance threshold was set at 0.05.

Quantitative real-time PCR analysis

RM10 and RM10-01 were grown in fermentation vessels or 9 ml screw cap tubes. One
ml cultures were taken at the 48 h time point. Bacterial cells were pelleted by centrifugation
(4°C, 10,000 rpm). After removing the residual LB medium, the pellets were re-suspended into
TE buffer (10 mM Tris HCl, pH 8.0, 1 mM EDTA) with lysozyme (0.4mg/mL final
concentration). The total RNA was extracted using the GeneJET RNA Purification Kit (Thermo
Scientific) following the described protocol for bacterial cells. cDNA was synthesized using the
Verso cDNA synthesis kit (Thermo Scientific). The synthesized cDNA (template) and the aldBspecific primers (Table 1) were used for quantitative real-time PCR (RT-qPCR) analysis of gene
expression using an Mx3000P system (Stratagene) as follows: a mastermix was prepared by
mixing 1.25 µl of each primer (10 ng/µl), 6.75 µl water, and 0.25 µl diluted (1X) reference dye
R4526 (Sigma). The RT-qPCR was performed by mixing 9.5 µl mastermix, 3 µl 10-fold diluted
cDNA, and 12.5 µl SYBR Green JumpStart Taq ReadyMix (Sigma) using the following reaction
conditions: initial denaturing (94C for 2 min), 40 cycles of amplification (94C for 30 s, 60C
for 30 s, 72C for 30 s), and final extension (72C for 1 min). Data was collected at the end of
the annealing step. The cycle threshold (Ct) for each sample was generated by the MxPro QPCR
software (Stratagene). The E. coli housekeeping gene cysG was used as the reference gene (Zhou
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et al. 2010). Each datum represents the average of two repeats.

Fermentations

Seed cultures were prepared by inoculating colonies from fresh LB xylose plates into a
250-ml flask containing 25 ml LB broth and 25 g/L xylose. After 12 hours of incubation (30°C,
200 rpm), a starting concentration of 16.5 mg/L of cell dry weight was inoculated into a 500 ml
vessel (FleakerTM, Corning) containing 350 ml of modified LB broth with 75 g/L or 100 g/L of
xylose. For fermentations with strains containing a plasmid, 50 g/ml and 16.7 g/ml of
kanamycin was added into the fermentation vessel at time zero and 48 h, respectively.
Fermentations were carried out at 30°C, 100 rpm, and pH 6.0 by the automatic pH control using
2 N KOH. All fermentations have three or more replicates.

Analyses

Cell mass was estimated by optical density (1.0 ml of cells at 1.0 OD550 equals
approximately 33 mg/L dry cell weight) using a Unico1100 spectrophotometer with a round
culture tube (diameter: 1.0 cm) as a cuvette. Ethanol and acetaldehyde concentrations were
measured by a gas chromatograph (Varian CP3800 equipped with a flame ionization detector
and a capillary column); 1-propanol was used as the internal standard. The significance threshold
was set at 0.05.
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Results

Deletion of aldB gene decreased cell growth and ethanol production from xylose

Acetaldehyde is an intermediate of the engineered homoethanol pathway in RM10. AldBcatalyzed acetaldehyde oxidation will, in theory, result in carbon loss to acetate and lead to a
decreased ethanol yield from the metabolized sugars. Ethanol production is expectedly improved
if acetaldehyde oxidation is blocked. This hypothesis was tested by deletion of aldB from E. coli
RM10, resulting in a new strain E. coli RM10-01. The qPCR analysis showed that no aldB
mRNA was detected in RM10-01 while a normal level of aldB mRNA was detected in the parent
RM10. This result suggested that aldB gene expression was eliminated, which in turn blocked
the AldB-catalyzed acetaldehyde oxidation in RM10-01.
The impact of eliminating AldB-catalyzed acetaldehyde oxidation was evaluated by
ethanol fermentation from xylose. A previous study showed that RM10 was able to complete 75
g/L xylose fermentation (Manow et al. 2012). Further research found that RM10 was also
capable of completing 100 g/L xylose fermentation with a doubled amino acid nutrient (extra
tryptone) and a lower fermentation temperature (30°C). RM10 and RM10-01 was therefore
evaluated for ethanol fermentation using 100 g/L xylose substrate (30°C, extra tryptone). As
shown in Figure 6, the aldB deletion strain, RM10-01, had a reduced cellular growth rate relative
to the parent strain RM10 (p < 0.01). Additionally, the aldB deletion strain RM10-01 had a
reduced ethanol production rate that reached significance after 24 hours and was unable to
complete fermentation, producing an average 30.59 ± 1.10 g/L of ethanol (Figure 7). This
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Figure 6:

Impact of the aldB deletion (RM10-01) on cellular growth during 100 g/L xylose fermentation.

RM10 and RM10-01 were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth and 100 g/L of xylose. Each
data point represents the mean (+/- standard error) of at least three replicates.
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Figure 7:

Impact of the aldB deletion (RM10-01) on ethanol production during 100 g/L xylose fermentation.

RM10 and RM10-01 were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth and 100 g/L of xylose. Each
data point represents the mean (+/- standard error) of at least three replicates.
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ethanol titer was 36% lower than the maximum (47.77 ± 1.25 g/L) achieved by RM10, which
completed the 100 g/L xylose fermentation.

aldB deletion decreased ethanol tolerance

As discussed in the introduction, previous reports imply that aldB might involve ethanol
tolerance in E. coli (Ho and Weiner 2005; Soufi et al. 2015; Xu and Johnson 1995). The
decreased cell growth and ethanol production by RM10-01 may be derived from its decreased
ethanol tolerance. An ethanol tolerance test was conducted using strains RM10-01 and RM10
and LB medium containing 50 g/L ethanol. The results are presented in Figure 8. There was no
significant difference in cell growth after 36 h (p > 0.05). However, at 48 h a significant
difference was achieved (p < 0.05) by the aldB deletion strain RM10-01 which had a cell titer of
0.190 ± 0.003 g/L. This represents a 5% decrease when compared to the parent strain RM10
(0.200 ± 0.004 g/L).
Since AldB directly involves acetaldehyde oxidation, the decreased ethanol tolerance of
RM10-01 might be due to the lost ability for acetaldehyde detoxification. We compared the
acetaldehyde tolerance of RM10-01 and RM10 with Escherichia coli B as an additional control.
The results are shown in Figure 9. At 0.44 g/L and 0.88 g/L acetaldehyde concentrations, there
was no significant difference (p > 0.05) in cell growth rate between RM10 and RM10-01.
Neither strain grew at 1.32 g/L acetaldehyde (data not shown). The significantly reduced cell
growth of E. coli B is likely due to the drop in media pH as the cells produce acidic products
during mixed acid fermentation. This result seems to suggest that aldB deletion has no
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Figure 8:

50 g/L ethanol tolerance for RM10 and RM10-01.

RM10 and RM10-01 were transferred into 9 ml screw-cap tubes containing 8.5 ml LB xylose medium supplemented with 50 g/L
ethanol and incubated at 30°C for 48 h without shaking. Each data point represents the mean (+/- standard error) of at least three
replicates.
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Figure 9:

Acetaldehyde tolerance for E. coli B, RM10, and RM10-01.

RM10 and RM10-01 were transferred into 9 ml screw-cap tubes containing 8.5 ml LB xylose
medium supplemented with 0.44 g/L or 0.88 g/L acetaldehyde and incubated at 30°C for 48 h
without shaking. Each data point represents the mean (+/- standard error) of at least three
replicates.
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significant impact on acetaldehyde tolerance although AldB was reported involving acetaldehyde
detoxification (Ho and Weiner 2005).

Overexpression of aldB improved cell growth and ethanol production

The decreased cell growth and ethanol production by the aldB deletion strain suggests
that an active AldB is needed for effective ethanol production. To further assess the necessity of
this enzyme, the aldB gene was cloned into a high copy number plasmid (pSD105), resulting in a
new plasmid pALDB105. In this construct, the aldB gene was transcriptionally fused with an
anaerobic functional pflBp6 promoter. When pALDB105 was transformed into RM10, aldB
overexpression was verified by qPCR analysis. The mRNA level of aldB in RM10 containing
pALDB105 was 50 fold higher than that of RM10 with an empty vector (pSD105).
The effect of aldB overexpression on cell growth and ethanol production was tested in a
pH-controlled fermentation using 75 g/L xylose substrate. The justification of using 75 g/L
xylose is that RM10 (pSD105) is unable to complete a 100 g/L xylose fermentation due to the
plasmid burden and excess kanamycin needed to maintain the plasmid. The fermentation results
are demonstrated in Figure 10 and 11. During the fermentation, the aldB overexpression strain
RM10 (pALDB105) grew faster than the control RM10 (pSD105). The final cell mass of RM10
(pALDB105) was 57% higher than that of the control (6.75 ± 0.18 g/L vs 4.29 ± 0.22 g/L).
Despite the improved cell growth, RM10 (pALDB105) did not achieve a significantly improved
(p > 0.05) ethanol production rate over the course of fermentation when compared to RM10
(pALDB105). AldB-catalyzed acetaldehyde oxidation may prevent sufficient acetaldehyde
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Figure 10:

Impact of aldB overexpression on cellular growth during 100 g/L xylose fermentation.

RM10 (pSD105) and RM10 (pALDB105) were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth and 75
g/L of xylose. 50 g/ml and 16.7 g/ml of kanamycin was added into the vessels at time zero and 48 h, respectively to maintain
plasmid presence. Each data point represents the mean (+/- standard error) of at least three replicates.
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Figure 11:

Impact of aldB overexpression on ethanol production during 75 g/L xylose fermentation.

RM10 (pSD105) and RM10 (pALDB105) were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth and 75
g/L of xylose. 50 g/ml and 16.7 g/ml of kanamycin was added into the vessels at time zero and 48 h, respectively, to maintain
plasmid presence. Each data point represents the mean (+/- standard error) of at least three replicates.
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conversion into ethanol.

aldB overexpression reduced ethanol tolerance

To understand if the improved cell growth and ethanol production was due to an
improved ethanol tolerance for the aldB overexpression strain, both RM10 (pALDB105) and
RM10 (pSD105) were tested for ethanol tolerance. The initial ethanol concentrations were 10,
20, 30 and 40 g/L. The cells were unable to grow at ethanol concentrations higher than 40 g/L,
likely due to the plasmid burden and excess kanamycin used to keep the plasmid from curing.
Surprisingly, aldB overexpression resulted in a decreased cellular growth rate at all ethanol
concentrations tested (p < 0.05). At ethanol concentrations of 10 and 20 g/L (Figure 12), RM10
(pALDB105) had a lower average cell mass than the control strain at every time point. At
ethanol concentrations of 30 and 40 g/L (Figure 13), RM10 (pALDB105) grew poorly after 24
hours and achieved an average of 20% (at 30 g/L ethanol) and 22% (at 40 g/L ethanol) lower cell
mass than the control strain at 48 h (p < 0.001).
Contrary to the previous report (Ho and Weiner 2005), our test seems to suggest that aldB
overexpression has no positive impact on ethanol tolerance. The improved cell growth and
ethanol production by RM10 (pALDB105) might be related to the acetaldehyde detoxification
catalyzed by AldB. The assessment of aldB overexpression on acetaldehyde tolerance is present
in Figure 14. With an acetaldehyde concentration of 0.44 g/L, RM10 (pALDB105) grew better,
achieving an averaged 15% higher cell mass (p < 0.05) than that of the control RM10 (pSD105).
With an acetaldehyde concentration of 0.88 g/L, there was no significant growth difference
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Figure 12:

aldB overexpression and 10 g/L or 20 g/L ethanol tolerance.

RM10 (pSD105) and RM10 (pALDB105) were transferred into 9 ml screw-cap tubes containing
8.5 ml LB xylose medium supplemented with 10 g/L or 20 g/L ethanol and incubated at 30°C for
48 h without shaking. 50 g/ml of kanamycin was added into the growth media at time zero to
maintain plasmid presence. Each data point represents the mean (+/- standard error) of at least
three replicates.
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Figure 13:

aldB overexpression and 30 g/L or 40 g/L ethanol tolerance.

RM10 (pSD105) and RM10 (pALDB105) were transferred into 9 ml screw-cap tubes containing
8.5 ml LB xylose medium supplemented with 30 g/L or 40 g/L ethanol and incubated at 30°C for
48 h without shaking. 50 g/ml of kanamycin was added into the growth media at time zero to
maintain plasmid presence. Each data point represents the mean (+/- standard error) of at least
three replicates.
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Figure 14:

aldB overexpression and acetaldehyde tolerance.

RM10 (pSD105) and RM10 (pALDB105) were transferred into 9 ml screw-cap tubes containing
8.5 ml LB xylose medium supplemented with 0.44 g/L or 0.88 g/L acetaldehyde and incubated at
300C for 48 h without shaking. 50 g/ml of kanamycin was added into the growth media at time
zero to maintain plasmid presence. Each data point represents the mean (+/- standard error) of at
least three replicates. .
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between the two strains. It is likely neither strain grew well due to the plasmid burden and
toxicity of high concentrations of acetaldehyde.

Discussion

AldB plays an important role for cell growth and ethanol fermentation

Deletion of the aldB gene had a negative effect on cell growth and caused a significantly
decreased ethanol production from xylose. This result suggests that aldehyde dehydrogenase
(AldB) plays an important role in cell growth and the long-term fermentative capability of E.
coli. Prior studies indicated that aldB was upregulated in response to ethanol stress, implicating
that AldB plays a potential role for ethanol tolerance (Ho and Weiner 2005; Soufi et al. 2015; Xu
and Johnson 1995). Our study confirmed that aldB deletion decreased ethanol tolerance
compared to the strain with a functional aldB gene. This decreased ethanol tolerance may be
attributed to the lost ability for acetaldehyde detoxification by AldB, which then resulted in a
decreased cell growth and ethanol fermentation. However, the acetaldehyde tolerance test did not
reveal a significant difference between the aldB deletion strain and the control strain. This
phenomenon may be due to other members of the E. coli ALDH family that can compensate for
the lack of aldB expression in RM10-01. For example, AldA (Limón et al. 1997) and AldH (Jo et
al. 2008), although not reported to preferentially oxidize acetaldehyde, do act on a variety of
aldehyde substrates. The other possible reason for the negligible impact of aldB deletion on
acetaldehyde tolerance is due to that RM10 has undergone several rounds of adaptive evolution
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that might change its response to aldehyde stress. No observable difference in aldB expression
for RM10 with or without aldehyde stress might support the latter explanation.
The important role of AldB on cell growth and ethanol fermentation was further
confirmed by aldB overexpression. The fermentation results indicated that the aldB
overexpressed strain RM10 (pALDB105) achieved a significantly higher cell growth compared
to the control strain RM10 (pSD105). Yet, aldB overexpression surprisingly decreased ethanol
tolerance, suggesting that the improved cell growth and ethanol fermentation by RM10-01 was
not derived from the improved ethanol tolerance. Further study showed that aldB overexpression
increased acetaldehyde tolerance, which might be responsible for the improved ethanol
fermentation by RM10-01. Based on the aldB deletion and overexpression results we are able to
conclude that: 1) aldB expression plays an important role for ethanol fermentation; 2) the
improvement of ethanol fermentation by aldB overexpression may be a result of prevention of
acetaldehyde accumulation rather than ethanol tolerance; 3) further detoxification of
acetaldehyde for improved ethanol fermentation could be achieved by improving acetaldehyde
conversion to ethanol with an improved alcohol dehydrogenase.

CHAPTER 2: TRANSCRIPTIONAL ENHANCEMENT OF THE PYRUVATE
DEHYDROGENASE GENES FOR IMPROVED ETHANOL PRODUCTION FROM XYLOSE

Abstract

In the homoethanol pathway of E. coli RM10 [glucose (glycolysis) => 2 pyruvate + 2
NADH (PDH) => 2 acetyl-CoA + 4 NADH (AdhE) => 2 ethanol], a likely rate limiting enzyme
is the pyruvate dehydrogenase (PDH) complex. This enzyme complex is encoded by aceEF-lpd,
which is an aerobically expressed operon. Although the aceEF-lpd operon is anaerobically
expressed in RM10 via promoter replacement to an anaerobic functional pflBp6 promoter, the
amount of PDH synthesized is insufficient to oxidize the pyruvate produced from glycolysis. In
this study, the aceEF, lpd and the entire aceEF-lpd operon were overexpressed by transcriptional
fusion with an anaerobic functional Fnr-box-pflBp6 promoter and cloned into a high copy
number plasmid. Xylose fermentation with RM10 containing the constructed plasmids showed:
1) the anaerobic functional Fnr-box-pflBp6 promoter increased aceE, aceF, and lpd expression in
all fusion constructs; 2) the Fnr-box-pflBp6-aceEF-lpd fusion achieved an increased expression
of the three operon genes (4-5 fold), resulting in improved cell growth and ethanol production; 3)
the fusions, Fnr-box-pflBp6-aceEF and Fnr-box-pflBp6-lpd, created an imbalanced
overexpression of individual operon genes, resulting in a negative impact on cell growth and
ethanol production. Integration of these fusion constructs into the RM10 chromosome did not
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yield any improvement of operon gene expression, cell growth, or ethanol production.

Introduction

The mixed acid fermentation of E. coli results in the production of lactate, succinate
acetate, formate, and ethanol under anaerobic conditions (Clark 1989). To develop a nontransgenic homoethanol E. coli strain, the alternative mixed acid pathway genes were deleted so
that the hexose or pentose sugars could be exclusively converted into ethanol (Zhou et al. 2008).
This, however, created a NAD/NADH redox imbalance because 4 NADH is needed for the
homethanol pathway while 2 NADH can be generated from glycolysis. The engineered strain
lacks anaerobic cell growth due to the NAD/NADH imbalance. Anaerobic expression of the
pyruvate dehydrogenase complex (PDH) is required to generate additional NADH when
pyruvate is oxidized to acetyl-CoA. This additional NADH, together with the NADH generated
from glycolysis, would provide a balanced redox for anaerobic ethanol fermentation (glucose
(glycolysis) => 2 pyruvate + 2 NADH (anaerobic expressed PDH) => 2 acetyl-CoA + 4 NADH
(alcohol dehydrogenase) => 2 ethanol).
The PDH complex encoded by aceEF-lpd operon is a large, multimeric enzyme
consisting of 24 copies of AceE, 24 copies of AceF, and 12 copies of Lpd (Izard et al. 1999).
Normally, the aceEF-lpd operon is repressed under anaerobic conditions due to the binding of
the pyruvate dehydrogenase repressor (encoded by pdhR) to its promoter region (Cassey et al.
1998; Quail and Guest 1995; Quail et al. 1994). Nevertheless, deletion of the pdhR gene did not
allow efficient PDH expression during homoethanol fermentation (Zhou et al. 2008). An
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anaerobic functional promoter is needed to replace the original promoter in order to drive the
anaerobic expression of the aceEF-lpd operon, which in turn will establish a homoethanol
pathway with a balanced redox.
During the mixed-acid fermentation of E. coli, pyruvate formate lyase B (pflB) catalyzes
the pyruvate oxidation under anaerobic conditions (Clark 1989; Hasona et al. 2004). PflB is a
highly expressed anaerobic enzyme that diverts a significant fraction of the carbon skeleton into
formate (CO2 and H2) and acetyl-CoA (acetic acid and ethanol) during mixed acid fermentation
(Sawers and Clark 2004). pflB expression is regulated at the transcriptional level with multiple
upstream promoters and transcription factor binding sites (Kaiser and Sawers 1995; Sawers and
Bock 1988; Sawers and Suppman 1992). Previously in the lab, the multiple promoters of pflB
(p1-7) were evaluated for anaerobic expression of the PDH complex genes (Zhou et al. 2010).
The promoter 6 region of pflB that contains an upstream fumarate nitrate reductase (fnr) binding
box and the pflBp6 promoter was found to be an optimal anaerobic functional promoter. Fnr is a
major transcriptional regulator involved in the upregulation of hundreds of genes during
anaerobic cell growth (Kang et al. 2005; Salmon et al. 2003). By using the Fnr-box-pflBp6
promoter to replace the original aceEF-lpd operon promoter, sufficient anaerobic PDH
expression was achieved, which enabled the engineered strain SZ420 to complete a 50 g/L
xylose fermentation and achieve an ethanol titer of 17 g/L (Zhou et al. 2008).
Through adaptive evolution of the engineered homoethanol strain, upregulation of FnrpflBp6-aecEF-lpd operon was obtained, which allowed improved xylose fermentation (Chen et
al. 2010; Manow et al. 2012). Recently, with the rng HSRII deletion, the resulting strain RM10
achieved an 88-fold and 64-fold enhanced expression of fnr and the pflBp6-aceEF-lpd operon,
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respectively, compared to its parent strain SZ470. The enhanced PDH expression enabled RM10
to complete a 75 g/L xylose fermentation with an ethanol titer of 35 g/L (Manow et al. 2012).
These results suggested that the PDH expression levels are highly correlated with the improved
ethanol production from xylose.
In this study, we attempted to further enhance the transcription of the PDH genes in
RM10 to assess its impact on improvement of ethanol production from xylose. As discussed in
the prior chapter, the Fnr-box-pflBp6 promoter was previously cloned into pUC19, resulting in a
new plasmid, pSD105 (Zhou et al. 2008). The coding regions of aceEF, lpd and the entire
aceEF-lpd operon were cloned into pSD105 to form the transcriptional fusions of Fnr-boxpflBp6-aceEF; Fnr-box-pflBp6-lpd, and Fnr-box-pflBp6-aceEF-lpd, resulting in plasmids
pEF105, pLPD105, and pPDH105, respectively. Furthermore, the transcriptional fusion
constructs were also integrated into E. coli RM10 to establish a second copy of the
corresponding genes at the following locations: ΔmgsA::Fnr-box-pflBp6-aceEF; ΔuxaB::Fnrbox-pflBp6-lpd’; ΔpaaZ::Fnr-box-pflBp6-aceEF-lpd, resulting in strains RM10-EF; RM10-LPD,
and RM10-PDH. The impact of these constructed strains were compared with RM10 for ethanol
production from 75 g/L and/or 100 g/L xylose.

Materials and Methods

Strains, media, and growth conditions

Bacterial strains, plasmids, and primers used in this study are listed in Table 2. Bacterial

Table 2. Escherichia coli strains, plasmids, and primers used in the PDH study.
Strains
RM10
RM10-EF
RM10-LPD
RM10-PDH

Relevant Characteristics
∆frdBC, ∆ldhA, ∆ackA. ∆focA-pflB, pflBp6-aceEF-lpd. ∆mgsA, ∆rng HSRII
RM10, ∆mgsA :: pflBp6-aceEF
RM10, ∆uxaB:: pflBp6-lpd
RM10, ∆paaZ::pflbp6-aceEF-lpd

Sources
Manow (2012)
This study
This study
This study

Plasmids
pKD4

bla, frt-kan-frt

pKD46

bla, red recombinase, temperature-dependent replication

pFT-A
pSD105

bla, flp, temperature-dependent replication
pUC19-based plasmid that contains the Fnr-box-pflBp6 promoter at BamHI and HindIII sites
and FRT-kan-FRT at EcoRI and BamHI sites
aceEF cloned into pSD105 at HindIII site to form a Fnr-box-pflBp6-aceEF transcriptional
fusion.
lpd cloned into pSD105 at HindIII site to form a Fnr-box-pflBp6-lpd transcriptional fusion.
aceEF-lpd cloned into pSD105 at HindIII site to form a Fnr-box-pflBp6-aceEF-lpd
transcriptional fusion.

Datsenko and Wanner
(2000)
Datsenko and Wanner
(2000)
Popsai (1997)
Zhou (2008)

pEF105
pLPD105
pPDH105

Primers
aceEF P1
aceEF P2
mgsA::aceEF P1
mgsA::aceEF P2
Verify mgsA::aceEF
P1

CACAGGCACAAGCTTAGGAGAGTCTTATGTCAGAACGTTTCCCAAATG
CTTTTGCTCACATGTCCGATTTGTCTATTCGCTAATAACC
TGCTTACAGTAATCTGTAGGAAAGTTAACTACGGATGTACGTGTAGGCTGGAGCT
GCTTC
GCGTTTGCCACCTGTGCAATATTACTTCAGACGGTCCGCGCCGATTTGTCTATTCG
CTAATAACC
TCTCAGGTGCTCACAGAAC

This study
This study
This study

This study
This study
This study
This study
This study

Table 2 is continued on the following page
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Table 2 (continued)
Verify mgsA::aceEF
P2
lpd P1

CCCTCTCCCTTTGTGGAAATAC

This study

CACAGGCACAAGCTTAGGAGAGTCTTATGACCGCCGGAGATAAATATATAGAGG

This study

lpd P2
uxaB::lpd P1

CTTTTGCTCACATGTTAACCATACTGTCAGGCTGAATAACG
ATGACTAATCAGAAGGGAACCCATTGTGAAAACACTAAATGTGTAGGCTGGAGC
TGCTTC
TTAGCACAACGGACGTACAGCTTCGCGCATCCCTTTTTCGTAACCATACTGTCAGG
CTGAATAACG
GGGTTCGGCGTATTAAAG
GTCGCCCTATTAAACGTG
CACAGGCACAAGCTTAGGAGAGTCTTATGTCAGAACGTTTCCCAAATG
CTTTTGCTCACATGTAGCAAGAAGACTGGAAAG
TTCACCACGCTATTAGCGGCGAGGCGTTATGGGAAGTGACGTGTAGGCTGGAGCT
GCTTC
TTCATCCGGCTGCGGACAGTACAATAAGGTTGGCGGGAAGGGAGCAAGAAGACT
GGAAAGG
TAAGCATCGGGCATCCAGTC

This study
This study

TGGGCGGTTTAGTCAGGTTC

This study

CGCCAGCCGCCCAGCACAG
GGTATGGAAGGTCTGTTCCGTCAGATTGGTATTTACAGCCC
CAGGGCGGTTGCTTCACCATCTCCA
GCGGCACGAACTCTTTACCATTCCACACC
CTGGTAATGGGTGGCGGTATCATCGGTCTGGAAATG
GTCTTCTTTCGCTTCAACGGCGGTAACTTTGGTT

This study
This study
This study
This study
This study
This study

uxaB::lpd P2
Verify uxaB::lpd P1
Verify uxaB::lpd P2
PDH P1
PDH P2
paaZ::aceEF-lpd P1
paaZ::aceEF-lpd P2
Verify paaZ::aceEFlpd P1
Verify paaZ::aceEFlpd P2
RT-qPCR Primers
aceE P1
aceE P2
aceF P1
aceF P2
lpd P1
lpd P2

This study
This study
This study
This study
This study
This study
This study
This study

38

39
cultures were grown at 30°C in Luria-Bertani (LB) broth (g/L: tryptone 10, yeast extract 5, and
NaCl 5) containing 25 g/L of xylose, or on LB plates (agar 15 g/L) containing 25 g/L of xylose.
Antibiotics were added as needed at the following concentrations (g/ml): kanamycin, 50;
ampicillin, 50.

Genetic methods

Standard methods were used for transformation, electroporation, and RT-qPCR (Miller
1992; Sambrook and Russell 2001). The pyruvate dehydrogenase (PDH) complex is encoded by
a three-gene operon (aceEF-lpd). The aceEF, lpd and aceEF-lpd fragments plus their terminator
sites were amplified by PCR using chromosomal DNA of E. coli RM10 and the primer pairs
listed in Table 2. These fragments were then cloned into pSD105 at the HindIII site via the InFusion® HD Cloning Kit (Clontech). Due to the Fnr-box-pflBp6 promoter being previously
cloned into the BamHI and HindIII sites in pSD105 (Zhou et al. 2008), the transcriptional fusions
of Fnr-box-pflBp6-aceEF, Fnr-box-pflBp6-lpd (Figure 15), and Fnr-box-pflBp6-aceEF-lpd
(Figure 16) were established in the resulting plasmids, pEF105, pLPD105, and pPDH105,
respectively.
Using the plasmids pEF105, pLPD105, and pPDH105 as the template and the hybridized
primer pairs listed in the table 2, the following fragments, 45 bp mgsA’-FRT-kan-FRT-Fnr-boxpflBp6-aceEF-45 bp mgsA’’, 45 bp uxaB’-FRT-kan-FRT-Fnr-box-pflBp6-lpd-45 bp uxaB’’, 45
bp paaZ’-FRT-kan-FRT-Fnr-box-pflBp6-aceEF-lpd-45 bp paaZ’’, were amplified by PCR.
These PCR fragments were electroporated into E. coli RM10 (pKD46) to insert a second copy of

σ70
pflBp6

Fnr-box

terminator

pflBp6-aceEF

aceF

aceE

σ70 terminator

pflBp6

pflBp6-lpd
Fnr-box

Figure 15:

lpd

Transcriptional fusion of Fnr-box-pflBp6-aceEF (pflBp6-aceEF) and Fnr-box-pflBp6-lpd (pflBp6-lpd).

pflBp6-aceEF contains an Fnr binding box (Fnr-box), pflBp6 promoter, aceE and aceF, and terminator. pflBp6-lpd contains an
Fnr binding box (Fnr-box), pflBp6 promoter, lpd, and terminator.
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σ70
pflBp6

Fnr-box

Figure 16:

terminator 1

pflBp6-aceEF-lpd

aceE

terminator 2

σ70
lpdAp

aceF

lpd

Transcriptional fusion of Fnr-box-pflBp6-aceEF-lpd (pflBp6-aceEF-lpd).

The region contains an Fnr binding box (Fnr-box), pflBp6 and lpdAp promoter sites, aceE, aceF, and lpd, and terminator regions 1 and
2.
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the corresponding gene into the chromosome by selection of the kanamycin-resistant colonies.
After verification by PCR using the verification primer pairs, the kanamycin resistance gene was
removed from the chromosome using pFT-A plasmid, which encodes for a FRT-recognizing
flipase (Datsenko and Wanner 2000; Manow et al. 2012; Posfai et al. 1997; Zhou et al.
2008).The resulting strains were designated as E. coli RM10-EF, RM10-LPD and RM10-PDH,
respectively.

Quantitative real-time PCR

The strains were grown in fermentation vessels. One ml of cell culture was taken after 24
h and 48 h fermentation. Bacterial cells were pelleted by centrifugation (4°C, 10,000 rpm). After
removing the residual LB medium, the pellets were re-suspended in TE buffer (10 mM Tris HCl,
pH 8.0, 1 mM EDTA) with lysozyme (0.4mg/mL final concentration). The total RNA was
extracted using the GeneJET RNA Purification Kit (Thermo Scientific) following the vendor’s
protocol for bacterial cells. cDNA was synthesized using the Verso cDNA synthesis kit (Thermo
Scientific). The synthesized cDNA (template) and the aceEF, and lpd-specific primers (Table 2)
were used for quantitative real-time PCR (RT-qPCR) analysis using an Mx3000P system
(Stratagene). The protocol is as follows: a master mix was prepared by mixing 1.25 µl of each
primer (10 ng/µl), 6.75 µl water, and 0.25 µl diluted (1X) reference dye R4526 (Sigma). The RTqPCR was performed by mixing 9.5 µl master mix, 3 µl 10-fold diluted cDNA, and 12.5 µl
SYBR Green JumpStart Taq ReadyMix (Sigma) using the following reaction conditions: initial
denaturing (94C for 2 min), 40 cycles of amplification (94C for 30 s, 60C for 30 s, 72C for
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30 s), and final extension (72C for 1 min). The cycle threshold (Ct) for each sample was
generated by the MxPro QPCR software (Stratagene). The E. coli housekeeping gene cysG was
used as the reference gene (Zhou et al. 2010). Results are the average of duplicates.

Fermentations

Seed cultures were prepared by inoculating colonies from fresh LB xylose plates into a
250-ml flask containing 25 ml LB broth and 25 g/L xylose. For strains containing plasmids, 50
g/ml kanamycin was added to the flask. After 12 hours of incubation (30°C, 200 rpm), the seed
culture was inoculated (16.5 mg/L of cell dry weight) into a 500 ml fermentation vessel
(FleakerTM, Corning) containing 350 ml of modified LB broth (g/L: tryptone 20, yeast extract 5,
and NaCl 5) with 75 g/L or 100 g/L xylose. For strains containing plasmid, 50 g/ml and 16.7
g/ml of kanamycin was added to the fermentation vessel at time zero and 48 h, respectively.
Fermentations were maintained at 30°C, 100 rpm mixing, and pH 6.0 by the automatic addition
of 2 N KOH. All fermentations have three or more replicates.

Analyses

Cell mass was estimated by optical density (1.0 ml of cells at 1.0 OD550 equals
approximately 33 mg/L dry cell weight) using a Unico1100 spectrophotometer with a round
culture tube (diameter: 1.0 cm) as a cuvette. During fermentation, 1.5 ml samples were taken
every 24 h. After removing the cells through centrifugation, 100 µl supernatant was mixed with
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400 µl H2O and 500 µl of 50 mM 1-propanol (internal standard) for measuring ethanol
concentration using a gas chromatograph (Varian CP3800 equipped with a flame ionization
detector and a capillary column). The ethanol concentration was calculated using the ratio of the
sample ethanol peak area and the propanol peak area with the ratio of a defined concentration of
ethanol peak area and the propanol peak area. The significance threshold was set at 0.05.

Results

Fnr-box-pflBp6-aceEF-lpd fusion improved expression of PDH complex, cell growth and
ethanol production from xylose fermentation

The impact of the transcription fusion of Fnr-box-pflBp6-aceEF-lpd on PDH gene
expression, anaerobic cell growth, and ethanol production was evaluated during 75 g/L xylose
fermentation using the fusion strain RM10 (pPDH105) and the control RM10 (pSD105). PDH
gene expression was evaluated by qPCR analysis using the 48 h fermentation samples. In the
transcription fusion strain RM10 (pPDH105), the expression of aceE, aceF, and lpd increased by
4-fold, 4-fold and 5-fold, respectively, compared to that of the control strain. This 4-5 fold
expression difference was lower than expected. pPDH105, a pUC19 based high copy number
plasmid, has many copies of the aceEF-lpd operon compared to the control strain RM10
(pSD105), which contains one copy of the chromosomal aceEF-lpd operon.
Nevertheless, the 4-5 fold enhanced PDH gene expression could facilitate PDH
biosynthesis, which in turn improved cell growth and ethanol production. As shown in Figure 17,
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Figure 17:

PDH overexpression and cellular growth during 75 g/L xylose fermentation

RM10 (pSD105), RM10 (pEF105), RM10 (pLPD105), and RM10 (pPDH105) were grown in 500 ml fermentation vessels
containing 350 ml of modified LB broth and 75 g/L of xylose. 50 g/ml and 16.7 g/ml of kanamycin was added into the
fermentation vessels at time zero and 48 h, respectively to maintain plasmid presence. Each data point represents the mean (+/standard error) of at least three replicates.
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RM10 (pPDH105) consistently grew better (p < 0.01) than RM10 (pSD105) during the 96 h
fermentation. At 48 h, RM10 (pPDH105) had an average cell mass of 5.27 ± 0.09 g/L, which
was 46% higher than that of the control (3.60 ± 0.07 g/L). At 96 h, RM10 (pPDH105) achieved a
54% improved cell growth (with a maximum cell mass of 7.47 ± 0.04 g/L) over that of the
control strain (with a maximum cell mass of 4.80 ± 0.19 g/L). The improved cell growth enabled
RM10 (pPDH105) to achieve a higher ethanol titer from xylose than the control by the end of
fermentation (p < 0.05) (Figure 18).
At 48 h fermentation, there was no significant difference (p > 0.05) in the ethanol titer
produced by the PDH overexpression strain, RM10 (pPDH105) and the control strain, RM10
(pSD105) (11.50 ± 1.42 g/L vs 10.70 ± 1.00 g/L) although RM10 (pPDH105) had a 46% better
cell growth. This phenomena may be attributed to most energy being spent on cell growth during
the early stage of fermentation. Improvements in ethanol titer for RM10 (pPDH105) reached
significance during the last 48 hours of growth (p < 0.05). At 72 h, with the improved cell
growth, RM10 (pPDH105) averaged a 35% higher ethanol titer (24.20 ± 1.22 g/L) than that of
the control (17.89 ± 1.00 g/L). At 96 h, RM10 (pPDH105) obtained a maximum ethanol titer of
31.73 ± 0.87 g/L, which represented a 13% improvement over that (26.75 ± 2.70 g/L) produced
by RM10 (pSD105).
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Figure 18:

PDH overexpression and ethanol production during 75 g/L xylose fermentation.

RM10 (pSD105), RM10 (pEF105), RM10 (pLPD105), and RM10 (pPDH105) were grown in 500 ml fermentation vessels containing
350 ml of modified LB broth and 75 g/L of xylose. 50 g/ml and 16.7 g/ml of kanamycin was added into the fermentation vessels at
time zero and 48 h, respectively to maintain plasmid presence. Each data point represents the mean (+/- standard error) of at least three
replicates.

47

48
Fnr-box-pflBp6-aceEF and Fnr-box-pflBp6-lpd fusions enhanced expression of individual PDH
component, decreased cell growth and ethanol production from xylose fermentation

As described previously, the PDH complex is a multimeric enzyme consisting of 24
copies of AceE, 24 copies of AceF, and 12 copies of Lpd (Izard et al. 1999). However, the
aceEF-lpd operon consists of two native promoters. A major promoter transcribes all three genes
in one mRNA molecule and a minor promoter transcribes the lpd gene (Cunningham et al. 1998;
Quail et al. 1994). The requirement of duo-promoters of aceEF-lpd operon might be that Lpd is
also a component of other enzyme complexes such as 2-oxoglutarate dehydrogenase complex
and the glycine cleavage system (Pettit and Reed 1967; Steiert et al. 1990). In the previously
engineered strain RM10, the promoter replacement was done to the major promoter for anaerobic
expression of the PDH complex. The minor promoter remains unchanged in RM10. To evaluate
if there are any insufficient expression of individual PDH components, we constructed Fnr-boxpflBp6-aceEF and Fnr-box-pflBp6-lpd fusions for increased expression of AceE and AceF, and
Lpd, respectively. The overexpression constructs were confirmed by qPCR during xylose
fermentation. In the Fnr-box-pflBp6-aceEF fusion strain, RM10 (pEF105), there was a 4-fold
increased expression of both aceE and aceF genes over that that of the control strain, RM10
(pSD105). Surprisingly, for the Fnr-box-pflBp6-lpd fusion strain, RM10 (pLPD105), there was a
461-fold improved lpd expression over that of the control, RM10 (pSD105). Nevertheless, none
of these improved expression of the individual PDH components resulted in an improved cell
growth and ethanol production from xylose fermentation. As demonstrated in Figure 17, both the
Fnr-box-pflBp6-aceEF fusion strain, RM10 (pEF105), and Fnr-box-pflBp6-lpd fusion strain,
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RM10 (pLPD105), grew worse than the control strain after the first 24 hours of growth (p <
0.05). For example, at 48 h, RM10 (pEF105) and RM10 (pLPD105) achieved a maximum cell
mass of 3.01 ± 0.12 g/L and 2.96 ± 0.11 g/L, which was 16% and 18% less than that (3.60 ± 0.07
g/L) obtained by the control RM10 (pSD105).
The decreased cell growth consequently resulted in a decreased final ethanol titer (Figure
18). At 96 h, compared to ethanol (26.75 ± 2.70 g/L) produced by control RM10 (pSD105), a
36% and 22% decreased ethanol titer was observed (p < 0.01) for RM10 (pEF105) (17.21 ± 0.41
g/L) and RM10 (pLPD105) (20.72 ± 1.72 g/L). The decreased fermentative cell growth and
ethanol production likely attributed to a lower PDH activity due to the inappropriate ratio of
AceE, AceF, and Lpd expression. The PDH complex might be less active if they are assembled
at an inappropriate ratio.

Chromosomal integration of the PDH genes resulted in no improvement of PDH expression,
decreased cellular growth and ethanol production from xylose fermentation

Overexpression of the entire PDH complex enhanced cell growth and ethanol production
from xylose. However, due to the plasmid burden and the antibiotic needed to keep the plasmid
from curing, the strain was unable to complete a 100 g/L xylose fermentation. It is ideal to
develop a strain with enhanced expression of PDH complex by chromosomal integration of a
second copy of the transcriptional fusion construct. To this end, Fnr-box-pflBp6-aceEF, Fnr-boxpflBp6-lpd, and Fnr-box-pflBp6-aceEF-lpd fusions were integrated into RM10 chromosome at
the mgsA; uxaB and paaZ loci, resulting in strains RM10-EF, RM10-LPD, and RM10-PDH,
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respectively. The selection of these loci for integration was based on previous reports. The mgsA
gene encodes for methylglyoxal synthase and has already been deleted in our strain to eliminate
lactate production (Chen et al. 2010). Uxab is an altronate oxidoreductase that is the second
enzyme involved in galacturonate catabolism (Blanco et al. 1983; Portalier and Stoeber 1972).
The galacturonate pathway has no reported role in E. coli ethanol production from xylose.
Finally, PaaZ is involved in aerobic phenyl acetate catabolism (Ismail et al. 2003; Teufel et al.
2010) and has no reported role in hexose or pentose fermentation. Integration of the PDH
complex genes into these loci should, in theory, have no impact on cell growth and ethanol
production from xylose fermentation.
The PDH integration was verified by PCR amplification using one primer outside of the
target gene and one primer internal to the PDH gene. The impact of these integrations were then
analyzed by fermentation of 100 g/L xylose. During the fermentations, samples were taken at 24
h and 48 h for qPCR analysis of the PDH gene expression. Despite the presence of a second copy
of the PDH genes, there was no observable increased expression for the integrated strains
compared to that of the control strain RM10 which has one copy of the aceEF-lpd operon.
Furthermore, integration of a second copy of the entire PDH complex or its individual
components did not result in a significant difference (p > 0.05) in cell growth compared to the
control strain RM10 (Figure 19). Surprisingly, the integrated strains led to a decreased ethanol
production rate (Figure 20). The control strain RM10 was able to complete the 100 g/L xylose
fermentation in 120 h, with an average ethanol titer of 45.31 ± 1.25 g/L and a yield of greater
than 90% of the theoretical maximum. None of the integrated strains were able to complete the
100 g/L xylose fermentation. Although their yields were similar to the one achieved by RM10
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Figure 19:

Chromosomal insertion of the PDH genes and cellular growth during 100 g/L xylose fermentation.

RM10, RM10-EF, RM10-lpd, and RM10-PDH were grown in 500 ml fermentation vessels containing 350 ml of modified LB
broth and 100 g/L of xylose. Each data point represents the mean (+/- standard error) of at least three replicates.
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Figure 20:

Chromosomal insertion of the PDH genes and ethanol production during 100 g/L xylose fermentation.

RM10, RM10-EF, RM10-lpd, and RM10-PDH were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth
and 100 g/L of xylose. Each data point represents the mean (+/- standard error) of at least three replicates.
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based on xylose metabolized, their final ethanol titers (29-32 g/L) were significantly lower (p <
0.001) than the one obtained by RM10 and there was unused xylose remaining in the
fermentation broth.

Discussion

Effects of overexpression of the PDH genes on ethanol fermentation from xylose

The Fnr-box-pflBp6 promoter successfully overexpressed the aceEF-lpd operon and/or
its individual gene in the transcriptional fusion constructs. Transcriptional fusion of the entire
PDH operon in RM10 (pPDH105) resulted in an increased expression of aceE by 4-fold, aceF by
4-fold, and lpd by 5-fold compared to that of the control. The balanced up-expression of each
gene likely facilitated the biosynthesis of a functional PDH complex with balanced ratio of
AceE, AceF and Lpd. Consequently, the increased PDH biosynthesis and/or activity in RM10
(pPDH105) improved cell growth and ethanol production compared to the control strain RM10
(pSD105). Nevertheless, it is worthy to note that RM10 is able to complete a 100 g/L xylose
fermentation. The improved strain RM10 (pPDH105), however, was unable to complete a 100
g/L xylose fermentation due to plasmid burden and the antibiotics needed to keep the plasmid
from curing. It is therefore ideal to develop a strain overexpressing the PDH complex without the
use of a plasmid.
Overexpression of individual components of the PDH complex had an overall detrimental
effect on cellular growth and ethanol production. Both RM10 (pEF105) and RM10 (pLPD105)
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had a confirmed up-expression of aceE and aceF by 5-fold, and lpd by 461-fold, respectively.
The imbalanced up-expression of each gene likely will generate an incorrect ratio of AceE, AceF
and Lpd enzyme components. In turn, the PDH complex will likely be formed in a disturbed
ratio due to different availability of each component, resulting in a less active and/or inactive
PDH complex. The decreased PDH activity contributed at least partially to the decreased cell
growth and ethanol production by RM10 (pEF105) and RM10 (pLPD105). Furthermore, Lpd is
also a component of other enzymes such as 2-oxoglutarate dehydrogenase complex and the
glycine cleavage system (Pettit and Reed 1967; Steiert et al. 1990). While exclusive Lpd
expression may not play a role in anaerobic xylose fermentation, the imbalanced up-expression
of lpd may disturb the ratio of these enzyme complexes and decrease their activity.

Effects of chromosomal integration of the PDH genes on ethanol fermentation from xylose

As discussed previously, it is ideal to develop a PDH overexpressed strain via
chromosomal integration for ethanol production from xylose. However, integration of the three
transcriptional fusions (Fnr-box-pflBp6-aceEF, Fnr-box-pflBp6-lpd, and Fnr-box-pflBp6-aceEFlpd) into the chromosome of RM10 resulted in strains, RM10-EF, RM10-LPD, and RM10-PDH,
all with a decreased cell growth and ethanol production. The detrimental results is expected for
strains RM10-EF and RM10-LPD because of the imbalanced up-expression of the individual
component of PDH complex. The observed detrimental impact in RM10-PDH is unreasonable
because this strain has a second integrated copy of the entire PDH operon.
The fact that there was no observable difference of PDH gene expression between RM10PDH and control RM10 might suggest that: 1) the qPCR analysis was not sensitive enough to
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detect a two-fold difference; 2) no gene expression from the integrated copy although PCR
analysis indicated that it is physically present in the integrated locus. Furthermore, the second
copy of PDH operon should not create a negative effect for xylose fermentation. The observed
negative results in RM10-PDH fermentation was probably due to that: 1) the second copy might
interfere the expression and/or function of the original aceEF-lpd operon; 2) the integration
locus, paaZ, was not the right choice. Deletion of paaZ gene might have a negative impact on
ethanol fermentation. Integration a functional second copy of the PDH operon at an alternative
locus should be explored in the future.

CHAPTER 3: TRANSCRIPTIONAL ENHANCEMENT OF ALCOHOL DEHYDROGENASE
FOR IMPROVED ETHANOL PRODUCTION FROM XYLOSE

Abstract

Alcohol dehydrogenase (adhE) is a bifunctional enzyme that catalyzes the reduction of
acetyl-CoA to acetaldehyde and then to ethanol in the homeothanol pathway of the
ethanologenic E. coli strain. In our previous study, it was demonstrated that increasing adhE
expression via deletion of RNase G HSRII improved ethanol tolerance, cell growth, and ethanol
production. In this study, to further improve ethanol production by E. coli RM10, the adhE
expression was enhanced by: 1) cloning the adhE gene on a high copy number plasmid using a
transcriptional fusion of Fnr-box-pflBp6-adhE and the native adhEp-adhE construct; 2)
integrating the adhE genes into the chromosome of RM10. Xylose fermentation using the
engineered plasmids and strains demonstrated that: 1) Overexpression of the native adhE
promoter and the Fnr-box-pflBp6 promoter enhanced adhE expression, resulting in improved cell
growth and ethanol production; 2) the Fnr-box-pflBp6 promoter is more effective than the native
promoter for adhE overexpression; 3) adhE expression level may positively relate to ethanol
tolerance; 4) chromosomal integration of these fusion constructs did not improve adhE
expression, cell growth, or ethanol production.
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Introduction

Alcohol dehydrogenase (adhE) catalyzes the reduction of acetyl-CoA to acetaldehyde
and then to ethanol in the engineered E. coli strain RM10 [glucose (glycolysis) => 2 pyruvate + 2
NADH (PDH) => 2 acetyl-CoA + 4 NADH (AdhE) => 2 acetaldehyde + 2 NADH (AdhE) => 2
ethanol]. In this ethanol production pathway, glycolysis is unlikely a limiting step because all
glycolytic genes are constitutively expressed, resulting in sufficient enzyme activity to oxidize
glucose to pyruvate. A recent study suggests that the glycolysis pathway has the capacity to
convert glucose to pyruvate [glucose (glycolysis) => 2 pyruvate + 2 NADH (LdhA) => 2 lactate]
at a rate greater than 6 g/Lh (Niu et al. 2014). This rate is approximately 10 times higher than the
ethanol production rate achieved by RM10. This result indirectly suggests that conversion of
pyruvate to ethanol by PDH and AdhE limits ethanol production by the engineered E. coli strain
RM10.
Contrary to the high AdhE demand for ethanol production by RM10, the amount of AdhE
needed by wild type E. coli is negligible because ethanol is just a minor product of its mixed acid
fermentation. The expression adhE gene in E. coli is highly regulated at both the transcriptional
and translational levels to ensure no energy is wasted towards synthesizing unneeded AdhE.
adhE expression is regulated by the transcriptional regulators Cra, Lrp, and NarL (Lintner et al.
2008; Membrillo-Hernandez et al. 1999; Membrillo-Hernandez and Lin 1999; Mikulskis et al.
1997). Cra (catabolite repressor activator) is a global transcriptional regulator that participates in
the regulation of multiple metabolic pathway genes including adhE (Perremond and Sauer 2005).
Previous research demonstrated that Cra negatively regulates adhE transcription. Mutation of the
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cra gene increased the amount of adhE mRNA synthesized (Kaga et al. 2002; Leonardo et al.
1993; Mikulskis et al. 1997). However, in our strain, deletion of the cra gene resulted in negative
effects on cell growth and ethanol production (unpublished). This negative impact is in line with
other reported detrimental effects of cra deletion (Perremond and Sauer 2005; Saier and
Ramseier 1996). These studies demonstrated that Cra mutants had a decreased cell growth
(Perremond and Sauer 2005) and sugar catabolism (Saier and Ramseier 1996).
The leucine-responsive regulatory protein (Lrp) also negatively regulates transcription of
adhE (Lintner et al. 2008). After binding to leucine, Lrp is activated to regulate the expression of
multiple genes including adhE (Calvo and Matthews 1994; Platko and Calvo 1993). Leucine, an
amino acid needed for protein biosynthesis, will be available for Lrp activation via its presence
in the growth media or by being synthesized in growing cells. Lrp regulation of adhE expression
will likely decrease the amount of AdhE synthesized for ethanol production by E. coli RM10.
In addition, the nitrate/nitrite response regulator (NarL) represses adhE expression
(Membrillo-Hernandez and Lin 1999). NarL is activated by nitrate and consequently upregulates
nitrate reductase expression (Bonnefoy and Demoss 1994; Stewart 1982). Nitrate reduction to
nitrite is important for microorganisms using nitrate as a terminal electron acceptor. Since this is
not a major metabolic pathway in RM10 ethanol production, NarL is unlikely to have a major
impact on adhE expression.
Lastly, adhE mRNA forms a secondary structure that blocks its ribosomal binding site for
translation. Cleavage of this secondary structure by RNase III is essential for AdhE translation
(Aristarkhov et al. 1996). However, RNase III cleavage generates a 5’ monophosphate terminal
end, which provides a target for RNase G degradation.
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RNase G is a member of the RNase E/G ribonucleases family (Deana and Belasco 2004;
Garrey et al. 2009; Jourdan et al. 2010). The primary roles of RNase E/G include 16s rRNA
maturation (Umitsuki et al. 2001) and mRNA turnover (Kaga et al. 2002; Tock et al. 2000).
RNase G, however, is a non-essential enzyme and is expendable in E. coli (Wachi et al. 2001).
RNase G mutants have an increased adhE expression (Umitsuki et al. 2001). Further research
indicated that a High Similarity Region II (HSRII) of RNase G is responsible for adhE mRNA
degradation. Deletion of this region (110 bp) from rng (Δrng HSRII) resulted in an increased
adhE mRNA (Wachi et al. 2001). This phenomenon was verified in our prior study. We deleted
the rng HSRII region from the ethanologenic strain SZ470, resulting in a strain RM10 with a
409-fold increased adhE expression and improved cell growth and ethanol production (Manow et
al. 2012).
In this study, to further improve the ethanol production capacity of E. coli RM10, the
adhE expression was enhanced by: 1) cloning the adhE gene on a high copy number plasmid; 2)
constructing a transcriptional fusion of Fnr-box-pflBp6-adhE to replace the original promoter; 3)
integrating the transcriptional fusion into the chromosome of RM10. The engineered strains were
compared with RM10 for adhE expression, fermentative cell growth, and ethanol production
from xylose fermentation.
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Materials and Methods

Strains, media, and growth conditions

Bacterial strains, plasmids, and primers used in this study are listed in Table 3. Bacterial
cultures were grown at 37°C in Luria-Bertani (LB) broth (g/L: tryptone 10, yeast extract 5, and
NaCl 5) containing 25 g/L of xylose, or on LB plates (agar 15 g/L) containing 25 g/L of xylose.
Antibiotics were added as needed at the following concentrations (g/ml): kanamycin, 50;
ampicillin, 50.

Genetic methods

Standard methods were used for transformation, electroporation, and RT-qPCR (Miller
1992; Sambrook and Russell 2001). Overexpression of alcohol dehydrogenase (adhE) was
accomplished by cloning adhE into a high copy plasmid, pSD105. This is a previously
constructed pUC19-based plasmid that contains the FRT-kan-FRT cassette (cloned at the EcoRI
and BamHI sites) and the Fnr-box-pflBp6 promoter (cloned at the BamHI and HindIII sites)
(Zhou et al. 2008). The coding region of adhE was amplified using the chromosomal DNA of E.
coli RM10 as the template and a hybridized primer pair containing HindIII and PciI restriction
sites. This amplified DNA fragment was inserted into pSD105 downstream of the pflBp6
promoter via the In-Fusion® HD Cloning Kit (Clontech). The resulting plasmid is designated
pPadhE105. The coding region of adhE and its original promoter region was also amplified

Table 3. Escherichia coli strains, plasmids, and primers used in the adhE study.
Strains
RM10
RM10-NadhE
RM10-PadhE

Relevant Characteristics
∆frdBC, ∆ldhA, ∆ackA. ∆focA-pflB, pflBp6-aceEF-lpd. ∆mgsA, ∆rng HSRII
RM10, ΔldhA::adhE
RM10, ΔackA::pflBp6-adhE

Sources
Manow (2012)
This study
This study

Plasmids
pKD4

bla, FRT-kan-FRT cassette

pKD46

bla, red recombinase, temperature-dependent replicon

pFT-A
pSD105

bla, flp, temperature-dependent replicon
pUC19-based plasmid that contains the Fnr-box-pflBp6 promoter at BamHI and HindIII sites
and FRT-kan-FRT at EcoRI and BamHI sites
pSD105-based plasmid that has the native promoter-adhE
pSD105-based plasmid that has the Fnr-box-pflBp6 promoter-adhE

Datsenko and
Wanner (2000)
Datsenko and
Wanner (2000)
Popsai (1997)
Zhou (2008)

pNadhE105
pPadhE105
Primers
NadhE P1
NadhE P2
ΔldhA::NadhE F
ΔldhA::NadhE R
VerifyΔldhA::NadhE F
VerifyΔldhA::NadhE R
PadhE F
PadhE R

This study
This study

GGCGCGAATTCAAGACGGGAATAATCCCTACC
GGCGCGAATTCCTTAATCAGTAGCGCTGTCTG
TGCTTACAGTAATCTGTAGGAAAGTTAACTACGGATGTACGTGTAGGCTGGAGCTGC
TTC
GCGTTTGCCACCTGTGCAATATTACTTCAGACGGTCCGCGCCGATTTGTCTATTCGCT
AATAACC
GTATTGTGGCATGTTTAACCGTTCAGTTGAAGGTTGCGCC

This study
This study
This study

GAGCGGCAAGATTAAACCAGTTCGTTCGGGCAGGTTTCGC

This study

CACAGGCACAAGCTTAGGAGAGTCTTATGGCTGTTACTAATGTCGCTGAAC
CTTTTGCTCACATGTAGACAGCGCTACTGATTAAGC

This study
This study

This study
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Table 3 is continued on the following page

This study

Table 3 (continued)
ΔackA::PadhE F
ΔackA::PadhE R
VerifyΔackA::PadhE F
VerifyΔackA::PadhE R
RT-qPCR Primers
adhE primer 1
adhE primer 2

CTATGGCTCCCTGACGTTTTTTTAGCCACGTATCAATTATAGGTACTTCCGTGTAGGC
TGGAGCTGCTTC
TACCGCCGATTTGGCGGGTTACAAAACAGCACCGCCAGCTGAGCTGGCGGAGACAGC
GCTACTGATTAAGC
CTTCCATGTCGAGTAAGTTAG

This study

TGTGAAATCAGGCAGTCAG

This study

GGTGCAGAACTGGCAAACTCCTTCAAACCAGACGTG
TCATTTTCGCTTTCACGCCCATTTTCGGGAACTTGT

This study
This study

This study
This study
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using chromosomal DNA of E. coli RM10 as the template and a hybridized primer pair
containing EcoRI sites. This fragment was inserted into pSD105 at the EcoRI site, resulting in
plasmid pNadhE105 (Figure 21).
Previously described procedures were used for chromosomal integration of the adhEpadhE and Fnr-box-pflBp6-adhE fusions into RM10 (Miller 1992; Sambrook and Russell 2001).
pNadhE105 and pPadhE105 were used as the template to amplify the FRT-kan-FRT-adhEpadhE and FRT-kan-FRT-Fnr-box-pflBp6-adhE, respectively, by PCR using hybridized primers
containing 40-45 base pair DNA homologous to the integration targets. The amplified PCR
fragments were then electroporated into RM10 (pKD46) and kanamycin-positive colonies were
selected as previously described (Datsenko and Wanner 2000; Manow et al. 2012; Posfai et al.
1997; Zhou et al. 2008). Through double homologous recombination, ldhA was replaced by
FRT-kan-FRT-adhEp-adhE and ackA was replaced by FRT-kan-FRT-Fnr-box-pflBp6-adhE. The
correct integrations were verified by kanamycin resistance and by PCR using upstream and
downstream verification primers of the integration loci. The antibiotic marker was then removed
from the chromosome with FLP recombinase using a temperature-conditional helper plasmid
pFT-A (Posfai et al. 1997). The resulting strains were designated RM10-NadhE (ΔldhA::adhEpadhE) and RM10-PadhE (ΔackA::Fnr-box-pflBp6-adhE).

Ethanol tolerance

Screw cap tubes (9 ml) were filled with 8.5 ml of LB broth containing 25 g/L xylose and
40 g/L of ethanol (wt/volume). 50 g/ml kanamycin was added to the medium to maintain the

Native promoter adhE (pNadhE105)
adhEp2

adhEp1

Fis

NarL

Lrp

Fis

Lrp

pflBp6

Fnr-box

Figure 21:

Cra

Fnr

NarL

adhE

Fnr-box-pflBp6-adhE (pPadhE105)
adhE

Expression of adhE by different promoters in pNadhE105 and pPadhE105.

The native promoter adhE region has transcriptional regulator binding boxes upstream of adhE. Expression is repressed by Lrp, Cra,
and NarL. It has expression promoted by Fis and Fnr. It also contains the adhEp1 and adhEp2 promoter sites and the adhE gene. Fnrbox-pflBp6-adhE contains the Fnr binding box (Fnr-box), pflBp6 promoter, and the adhE gene.
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plasmid. Overnight cultures were inoculated into the tubes at an inoculum of 33 mg/L cell dry
weight and incubated at 30°C without shaking. Cell growth was analyzed by measuring the
OD550 at a 12 h interval for 48 h. Ethanol tolerance was assessed by comparing the relative cell
growth of RM10 containing the plasmids.

Quantitative real-time PCR

The engineered E. coli strains, RM10, RM10-NadhE, RM10-PadhE, and RM10
(pSD105), RM10 (pNadhE105), RM10 (pNadhE105) were grown in 500 ml vessels containing
350 ml fermentation medium. One ml cultures were taken at 24 h and 48 h. Bacterial cells were
pelleted by centrifugation (4°C, 10,000 rpm). After removing the residual LB medium, the
pellets were re-suspended in TE buffer (10 mM Tris HCl, pH 8.0, 1 mM EDTA) with lysozyme
(0.4mg/mL final concentration). The total RNA was extracted using the GeneJET RNA
Purification Kit (Thermo Scientific) following the vendor’s protocol for bacterial cells. The
cDNA was synthesized using the Verso cDNA synthesis kit (Thermo Scientific). The
synthesized cDNA (template) and adhE-specific primers (Table 3) were used for quantitative
real-time PCR (RT-qPCR) analysis of gene expression using an Mx3000P system (Stratagene) as
follows: a mastermix was prepared by mixing 1.25 µl of each primer (10 ng/µl), 6.75 µl water,
and 0.25 µl diluted (1X) reference dye R4526 (Sigma). The RT-qPCR was performed by mixing
9.5 µl mastermix, 3 µl 10-fold diluted cDNA, and 12.5 µl SYBR Green JumpStart Taq
ReadyMix (Sigma) using the following conditions: initial denaturing (94C for 2 min), 40 cycles
of amplification (94C for 30 s, 60C for 30 s, 72C for 30 s), and a final extension (72C for 1
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min). The cycle threshold (Ct) for each sample was generated by the MxPro QPCR software
(Stratagene). The E. coli housekeeping gene cysG was used as the reference gene (Zhou et al.
2010). Each data represents the average of two repeats.

Fermentations

Seed cultures were prepared by inoculating colonies from fresh LB xylose plates into a
250-ml flask containing 50 ml LB broth and 25 g/L xylose. After 12 h of incubation (30°C, 200
rpm), the cells (inoculum: 16.5 mg/L of cell dry weight) were inoculated into a 500 ml
fermentation vessel (FleakerTM, Corning) containing 350 ml of modified LB broth with 75 g/L or
100 g/L of xylose. For fermentations by strains containing a plasmid, 50 g/ml and 16.7 g/ml
of kanamycin was added into the fermentation vessel at time zero and at 48 h, respectively.
Fermentations were carried out at 30°C, 100 rpm, and pH 6.0 by the automatic addition of 2 N
KOH. All fermentations have three or more replicates.

Analyses

Cell mass was estimated by optical density (1.0 ml of cells at 1.0 OD550 equals
approximately 33 mg/L dry cell weight) using a Unico1100 spectrophotometer with a round
culture tube (diameter: 1.0 cm) as a cuvette. During fermentation, 1.5 ml samples were taken
every 24 h. After removing the cells through centrifugation, 100 µl supernatant was mixed with
400 µl H2O and 500 µl of 50 mM 1-propanol (internal standard) for measuring ethanol
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concentration using a gas chromatograph (Varian CP3800 equipped with a flame ionization
detector and a capillary column). The significance threshold was set at 0.05.

Results

Overexpression of adhE improved cell growth and ethanol production from xylose

RM10 carrying pNadhE105, a plasmid that overexpresses the native promoter adhE
region, and RM10 carrying pPadhE105, a plasmid that overexpresses Fnr-box-pflBp6-adhE,
were compared to RM10 carrying the control plasmid pSD105 for ethanol production from 75
g/L xylose fermentation. During the fermentation, samples were taken to quantify the mRNA
level of adhE by qPCR analysis. Compared to the control strain RM10 (pSD105) that contains
only the chromosomal adhE gene, the expression of adhE was increased in both RM10
(pNadhE105) and RM10 (pPadhE105). For example, at 48 h fermentation, there was a 5-fold and
91-fold increase in adhE mRNA in RM10 (pNadhE105) and RM10 (pPadhE105), respectively,
compared to that of RM10 (pSD105). This result indicates that either: 1) Fnr-box-pflBp6
promoter is more effective than the native adhE promoter for adhE expression; or 2) there are
transcriptional regulators limiting adhE expression by the native promoter.
As shown in Figure 22, overexpression of adhE by either native adhE promoter or the
pflBp6 promoter resulted in an improved cellular growth during fermentation (p < 0.01). At 48 h,
RM10 (pPadhE105) and RM10 (pNadhE105) had an average cell growth of 5.55 ± 0.23 g/L and
4.53 ± 0.04 g/L, respectively, which represents a 66% and 36% improvement over that of the
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Figure 22:

Impact of adhE overexpression on cellular growth during 75 g/L xylose fermentation.

RM10 (pSD105), RM10 (pNadhE105), and RM10 (pPadhE105) were grown in 500 ml fermentation vessels containing 350 ml of
modified LB broth and 75 g/L of xylose. 50 g/ml and 16.7 g/ml of kanamycin was added into the fermentation vessels at time zero
and 48 h, respectively, to maintain plasmid presence. Each data point represents the mean (+/- standard error) of at least three
replicates.
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control RM10 (pSD105) (3.34 ± 0.10 g/L). At 96 h, RM10 (pPadhE105) and RM10
(pNadhE105) had a maximum cell mass of 7.67 g/L ± 0.09 g/L and 5.14 ± 0.13 g/L, respectively,
which were 72% and 15% higher than the one (4.47 ± 0.19 g/L) achieved by the control RM10
(pSD105). These results further suggested that the more adhE is expressed, the better the cells
grow during xylose fermentation.
Since ethanol is a primary fermentation product of the engineered E. coli strain RM10, it
is expected that the improved cell growth would improve ethanol production. As shown in
Figure 23, the enhanced adhE expression enabled RM10 (pPadhE105) and RM10 (pNadhE105)
to complete the 75 g/L xylose fermentation in 96 h while the RM10 (pSD105) had a significant
amount of xylose unfermented. Specifically, at 48 h, RM10 (pPadhE105) produced an average
ethanol titer of 19.02 ± 0.23 g/L, which represented a 50% improvement over the 12.69 ± 1.02
g/L produced by RM10 (pSD105). Similarly, RM10 (pNadhE105) produced 27% (16.07 ± 0.84
g/L) more ethanol than the control. At the end of fermentation (96 h), both strains RM10
(pPadhE105) and RM10 (pNadhE105) produced approximately 35 g/L of ethanol, with a yield
greater than 90% of the theoretic maximum of 75 g/L xylose fermentation. This ethanol titer was
significantly higher (p < 0.05) than the ethanol produced by RM10 (pSD105). Nevertheless, the
ethanol yield based on the sugar metabolized was similar for all test strains.
As described above, both strains, RM10 (pPadhE105) and RM10 (pNadhE105),
completed the 75 g/L xylose fermentation in 96 h. A higher xylose (100 g/L) fermentation was
carried out to evaluate the potential of these two adhE-overexpressed strains. The results are
presented in Figure 24 and 25. With a 91-fold-enhanced adhE expression, the strain RM10
(pPadhE105) was able to complete the 100 g/L xylose fermentation in 120 h. For strain RM10
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Figure 23:

Impact of adhE overexpression on ethanol production during 75 g/L xylose fermentation.

RM10 (pSD105), RM10 (pNadhE105), and RM10 (pPadhE105) were grown in 500 ml fermentation vessels containing 350 ml of
modified LB broth and 75 g/L of xylose. 50 g/ml and 16.7 g/ml of kanamycin was added into the fermentation vessels at time
zero and 48 h, respectively, to maintain plasmid presence. Each data point represents the mean (+/- standard error) of at least
three replicates.
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Figure 24:

Impact of adhE overexpression on cellular growth during 100 g/L xylose fermentation.

RM10 (pNadhE105), and RM10 (pPadhE105) were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth
and 100 g/L of xylose. 50 g/ml and 16.7 g/ml of kanamycin was added into the fermentation vessels at time zero and 48 h,
respectively, to maintain plasmid presence. Each data point represents the mean (+/- standard error) of at least three replicates.

71

50
45
40

RM10 pNADHE105
RM10 pPADHE105

Ethanol (g/L)

35
30
25
20
15
10
5

12
0

96
.

72
.

48
.

24
.

12
0

96
.

72
.

48
.

24
.

0

Hours

Figure 25:

Impact of adhE overexpression on ethanol production during 100 g/L xylose fermentation.

RM10 (pNadhE105), and RM10 (pPadhE105) were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth
and 100 g/L of xylose. 50 g/ml and 16.7 g/ml of kanamycin was added into the fermentation vessels at time zero and 48 h,
respectively, to maintain plasmid presence. Each data point represents the mean (+/- standard error) of at least three replicates.
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(pNadhE105), however, even though there was a 5-fold improved adhE expression, it was unable
to complete the 100 g/L xylose fermentation. More specifically, a statistically significant (p <
0.001) difference in growth was achieved at 48 h, where RM10 (pPadhE105) had a 48%
improved cell growth (4.25 ± 0.19 g/L) and a 23% improved ethanol titer (13.7 g/L) over that
(2.87 ± 0.12 g/L cell mass, 11.1 ± 0.51 g/L ethanol titer) of RM10 (pNadhE105). At the end of
fermentation, RM10 (pPadhE105) achieved a maximum cell mass of 7.78 ± 0.09 g/L, and an
ethanol titer of 46.71 ± 1.12 g/L, an ethanol yield of 90% theoretic maximum. The maximum cell
growth and ethanol titer achieved by RM10 (pNadhE105) were 5.35 ± 0.28 g/L and 41.78 ± 0.43
g/L, respectively, which are 45% and 12% lower than that of RM10 (pPadhE105). These results
further demonstrate that the greater adhE is expressed in the cells, better cell growth and a higher
ethanol titer can be achieved by the engineered E. coli strain.

Overexpression of adhE improved ethanol tolerance

In our prior study, adaptive evolution of the ethanologenic strain E. coli SZ420 resulted
in a new strain SZ470 that had an improved cell growth and ethanol tolerance (up to 40 g/L
ethanol) (Wang et al. 2011). Deletion of rng HSRII from SZ470, resulting in the strain RM10,
had an increased adhE expression by 409-fold, which additionally had an enhanced ethanol
tolerance (up to 50 g/L) (Manow et al. 2012). Another study also demonstrated that cells
growing in a high-ethanol environment resulted in adhE overexpression (Luong et al. 2015).
These results suggest that there may be a positive relation between adhE expression and ethanol
tolerance.
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We tested the above hypothesis by comparing the ethanol tolerance between RM10
(pPadhE105) and RM10 (pSD105) because there was 91-fold difference of the adhE expression
between these two strains. Due to plasmid burden that decreases maximum ethanol tolerance, 40
g/L of ethanol was used in the tolerance test. The results are presented in Figure 26. It seems that
adhE overexpression is associated with improved ethanol tolerance at least at the early cell
growth phase (p < 0.01). At 12 h and 24 h, the adhE overexpressed strain RM10 (pPadhE105)
had a 25% and 10% increased cell growth over that of the control strain RM10 (pSD105),
respectively. At 36 h and 48 h, however, there was no significant difference between the two
strains. This is likely due to the improvement in cell growth enabling RM10 (pPadhE105) to
produce more ethanol than control. The additional ethanol created likely inhibited further cell
growth.

Chromosomal integration of adhE resulted in no improvement of adhE expression, nor cell
growth and ethanol production

The transcriptional fusions, Fnr-box-pflBp6-adhE and adhEp-adhE, cloned on plasmids,
had positive effects on adhE expression, ethanol tolerance, fermentative cell growth, and ethanol
production from xylose. In order to eliminate the plasmid burden and improve ethanol
production, these fusion constructs were integrated into the chromosome of RM10 at the ldhA
and ackA loci, respectively. These integrations provide a second copy of the adhE gene and the
resulting strains were named RM10-PadhE (Fnr-box-pflBp6-adhE) and RM10-NadhE (adhEpadhE). Since the integration target ldhA and ackA genes were previously deleted to establish the
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Figure 26:

pflBp6-adhE overexpression and 40 g/L ethanol tolerance.

RM10 (pSD105) and RM10 (pPadhE105) were transferred into 9 ml screw-cap tubes containing 8.5 ml LB xylose medium containing
40 g/L ethanol and incubated at 30°C for 48 h without shaking. 50 g/ml of kanamycin was added into the growth media at time zero
to maintain plasmid presence. Each data point represents the mean (+/- standard error) of at least three replicates.
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homoethanol pathway for the parent strain SZ420, replacing these target sites with the fusion
constructs are not expected to create a negative impact on RM10-PadhE and RM10-NadhE
derivatives.
The effects of integrating a second copy of adhE on cell growth and ethanol production
were evaluated by 100 g/L xylose fermentation using strains RM10-PadhE, RM10-NadhE, and
the parent strain RM10. During the fermentation, adhE expression, fermentative cell growth, and
ethanol production was monitored periodically. Interestingly, the qPCR analysis showed no
observable difference for adhE expression between these strains. The additional adhE copy did
not synthesize more adhE mRNA in RM10-PadhE and RM10-NadhE strains. Furthermore, there
was no significant difference in cell growth between these strains (p > 0.05) (Figure 27).
Moreover, the control strain RM10 was able to complete the fermentation in 120 h, producing
46.73 ± 1.21 g/L ethanol (Figure 28) and achieving a yield of 90% of the theoretic maximum,
while both RM10-PadhE and RM10-NadhE were unable to finish the fermentation on time.
To ensure that the decreased cell growth and ethanol production was not due to the
imbalance of PDH and AdhE, both Fnr-box-pflBp6-aceEF-lpd and Fnr-box-pflBp6-adhE fusions
were integrated into RM10. The resulting strain was designated RM10-PDH-AdhE. This strain
was compared with the control RM10 for a 100 g/L xylose fermentation. The results are
presented in Figure 29 and 30. The qPCR analysis using the samples taken at 24 h and 48 h
fermentation showed no increased expression of either PDH operon genes or the adhE gene by
RM10-PDH-AdhE over that of the control. The tested strain, RM10-PDH-AdhE, was unable to
complete a 100 g/L xylose fermentation, with cell growth and ethanol titer lower than that of the
control strain RM10, which indeed completed fermentation.
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Figure 27:

Impact of the adhE chromosomal inserts on cellular growth during 100 g/L xylose fermentation.

RM10, RM10-NadhE, and RM10-PadhE, were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth and
100 g/L of xylose. Each data point represents the mean (+/- standard error) of at least three replicates.
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Figure 28:

Impact of the adhE chromosomal inserts on ethanol production during 100 g/L xylose fermentation.

RM10, RM10-NadhE, and RM10-PadhE were grown in 500 ml fermentation vessels containing 350 ml of modified LB
broth and 100 g/L of xylose. Each data point represents the mean (+/- standard error) of at least three replicates.
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Figure 29:
Impact of the chromosomal insertion of pflBp6-adhE and pflBp6-PDH and cellular growth during 100 g/L xylose
fermentation.
RM10 and RM10-PDH-adhE were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth and 100 g/L of
xylose. Each data point represents the mean (+/- standard error) of at least three replicates.
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Figure 30:
Impact of the chromosomal insertion of pflBp6-adhE and pflBp6-PDH on ethanol production during 100 g/L xylose
fermentation.
RM10 and RM10-PDH-adhE were grown in 500 ml fermentation vessels containing 350 ml of modified LB broth and 100 g/L of
xylose. Each data point represents the mean (+/- standard error) of at least three replicates.
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Discussion

Effects of adhE overexpression on xylose fermentation and ethanol tolerance

Expression of adhE by the native promoter (adhEp-adhE) or by a pflB promoter (Fnrbox-pflBp6-adhE) on a plasmid enabled RM10 (pNadhE105) and RM10 (pPadhE105) to
complete a 75 g/L xylose fermentation in 96 h while RM10 with the control plasmid (pSD105)
was unable to complete fermentation. Of the two promoters, Fnr-box-pflBp6 is better than the
native adhE promoter for adhE overexpression. The Fnr-box-pflBp6-adhE fusion resulted in a
91-fold increase of adhE expression while the native promoter achieved a 5-fold improved adhE
expression over that of the control. The improved adhE expression contributed to the increased
fermentative cell growth and higher ethanol production from xylose fermentation. Furthermore,
the 91-fold improved adhE expression by Fnr-box-pflBp6-adhE fusion allowed RM10
(pPadhE105) to complete a 100 g/L xylose fermentation even with the plasmid burden.
Moreover, improved adhE expression, to some degree, increased the ethanol tolerance of RM10
(pPadhE105), compared to the control strain RM10 (pSD105).
These results suggest that: 1) AdhE expression in RM10 is a rate limiting factor for
homoethanol fermentation; 2) enhancing adhE expression improves ethanol production from
xylose fermentation; 3) the Fnr-box-pflBp6 promoter is more effective than the native adhE
promoter for adhE overexpression; 4) transcriptional factor(s) may regulate the native promoter
for adhE overexpression even with the promoter (and the gene) cloned on a high copy number
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plasmid; 5) adhE expression levels may positively relate to ethanol tolerance.

Effects of the adhE chromosomal integration on xylose fermentation

In theory, the gene expression level is related with its copy number on the bacterial
chromosome. Unexpectedly, integration of a second copy of adhE gene on the chromosome of
the ethanologenic strain RM10 did not increase adhE expression in either of the integrated
strains, RM10 (pNadhE) and RM10 (pPadhE). The transcriptional regulator(s) that represses
adhE expression via the native adhE promoter might be attributed to the lack of an observed
increase of adhE expression in RM10 (pNadhE). However, replacing the native promoter by Fnrbox-pflBp6 for adhE expression still did not yield an observable increase of adhE expression.
These results might indicate that the second copy of the adhE gene was not expressed at all, even
though it is physically present at the integration locus.
Neither RM10-NadhE nor RM10-PadhE was able to complete a 100 g/L xylose
fermentation while the control strain RM10 completed the fermentation. Integrating a second
copy of the adhE gene actually resulted in a negative impact on ethanol fermentation. These
negative impacts should not be attributed to the deletion of the target gene loci (ldhA and ackA)
because both loci had already been deleted in RM10 during the early stage of strain construction
(Zhou et al. 2008).

CHAPTER 4: INTERPRETATION OF THE DATA AND FUTURE PROJECTS

Overexpression of Genes Involved in the Homoethanol Pathway to Improve Ethanol Production

Overexpression of aldehyde dehydrogenase (aldB), the pyruvate dehydrogenase (PDH)
operon (aceEF-lpd), and alcohol dehydrogenase (adhE) appears to enhance ethanol fermentation
by E.coli RM10. aldB overexpression via the transcriptional fusion of pyruvate formate lyase
promoter 6 (pflBp6) benefitted RM10 cellular growth during 75 g/L xylose fermentation. Its
deletion from the chromosome confirmed its importance to RM10 fermentation, as it resulted in
a significant reduction in fermentative efficiency. AldB may play a role in prevention of
acetaldehyde accumulation during fermentation through acetaldehyde oxidation. However, the
benefits of increasing aldB expression comes at the expense of a reduced overall ethanol
tolerance. RM10 overexpressing aldB (pALDB105) had a reduced cellular growth relative to
control when growing in media containing 10-40 g/L ethanol. Chromosomal replacement of aldB
gene with a pflBp6 promoter may improve aldB expression and xylose fermentation by RM10.
To create the homoethanol pathway in E. coli B, competing mixed acid fermentation
genes were deleted from the chromosome to exclusively shuttle glycolysis products towards
ethanol production (Zhou et al. 2008). This, however, created a NAD/NADH redox imbalance as
there wasn’t sufficient NADH generated to efficiently reduce pyruvate into ethanol. This limited
the growth of the cells. Anaerobic expression of the PDH complex (aceEF-lpd) via
transcriptional fusion of Fnr-box-pflBp6 restored redox balance of the ethanologenic E. coli
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fermentation pathway (Zhou et al. 2008). The overexpression of Fnr-box-pflBp6-aceEF-lpd
(pPDH105) benefitted RM10 ethanol production. In E. coli, the PDH complex is a large, multidomain protein structure consisting of a 24:24:12 copy ratio of AceE, AceF, and Lpd (Izard et al.
1999). Enhancing the expression of the PDH genes will likely allow for greater biosynthesis of
the PDH complex, and therefore a more efficient conversion of pyruvate into acetyl-CoA during
fermentation. The importance of balanced expression of the PDH components is highlighted by
the reduced fermentative performance seen with overexpression of both AceE and AceF
(pEF105) or Lpd (pLPD105). Increasing chromosomal expression of the PDH operon represents
a path of future exploration for improved ethanol production.
Benefit towards ethanol production was also observed when adhE was overexpressed in
the cell. Overexpression of adhE with its native promoter (pNadhE105) or a transcriptional
fusion of Fnr-box-pflBp6-adhE (pPadhE105) allowed RM10 to achieve better fermentation
performance than the control. This correlates with the benefits derived from deletion of rng
HSRII from the SZ470 chromosome; it resulted in a 409-fold increase in adhE expression and
improved fermentative capabilities of the new strain, RM10 (Manow et al. 2012). adhE
expression continues to be a rate-limiting factor for RM10 ethanol production, with room for
chromosomal upregulation of adhE expression to improve xylose fermentation.
Additionally, adhE expression via transcriptional fusion of Fnr-box-pflBp6 (pPadhE105)
resulted in the greatest cell and ethanol titers of all plasmids tested in this body of work.
Transcriptional regulator proteins likely bind to the native promoter region of adhE to limit its
expression in RM10. Transcriptional fusion of Fnr-box-pflBp6 to upstream adhE gene should, in
theory, increase adhE expression and subsequently enhance RM10 fermentation. What’s more,
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adhE overexpression resulted in a greater ethanol tolerance during the early stage of exponential
growth. Further examination of the role adhE overexpression plays in ethanol tolerance is
warranted. Overall, successfully increasing aldB, PDH, and adhE expression via manipulation of
chromosomal copy number or promoter would be an ideal way to improve the RM10 ethanol
fermentation and bring the non-transgenic, homoethanol Escherichia coli strain closer towards
industrial viability.

Chromosomal Integration of Ethanol Pathway Genes to Improve Ethanol Production

Chromosomal integration of ethanol pathway genes into E. coli has been shown to
improve ethanol production (Belll et al. 1992; Ohta et al. 1991; Wood and Ingram 1992). Yet, for
every chromosomal integration of PDH and adhE, the resulting strains did not show
improvement over the parent strain (RM10) and actually had a decreased ethanol production rate.
This atypical outcome cannot solely be explained by the target chosen for chromosomal
integration as most of the selected target genes were previously deleted in E. coli RM10.
The Datsenko and Wanner method of genomic recombination leaves an 82-85 base pair
FRT scar (Datsenko and Wanner 2000). These scars can act as recombination hotspots and
mediate incorrect integration events due to sequence homology of the scar region and the two
FRT sites present with the new integration fragment. RM10 has multiple FRT scars from
previous chromosomal deletions (Zhou et al. 2008; Chen et al. 2010; Manow et al. 2012). This
potentially integrates the gene of interest into multiple locations, resulting in disruption of useful
chromosomal genes and decreasing ethanol fermentation.
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Other avenues of chromosomal insertion, such as phage transduction or CRISPR/Cas9,
may permit specific gene integrations. Phage transduction has been successfully implemented in
our lab to insert genes into the chromosome. The method has also been employed to improve E.
coli ethanol production (Yazdani and Gonzalez 2008). The CRISPR/Cas 9 system is an
alternative technique for genomic insertions of PDH and adhE. This recently discovered method
of targeted recombination has been established for prokaryotes (Bikard et al. 2012; Sander and
Joung 2014), would allow for simultaneous chromosomal insertions at multiple sites without
leaving scar regions (Qi et al. 2013), and has reached recombinant yields of up to 100% for E.
coli (Jiang et al. 2013).
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